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ABSTRACT

Stationary phases and adsorbents are continually being developed to enhance
separations in high performance liquid chromatography (HPLC). Polymeric stationary
phases have gained popularity due to their ability to be employed over a large pH range
and because they are more chemically robust when compared to silica based phases.
Capillary-channeled polymer (C-CP) fibers are an alternative to traditional porous packed
bed beads. These fibers have a unique geometry with increased the surface area/volume
ratios when compared to cylindrical fibers. Very unique characteristics are realized in the
use of the C-CP fibers, including drastically reduced backpressures and selection of
solute-surface interaction through the use of different base polymers (e.g., polypropylene,
polyester, and nylon). They are also non-porous, which alleviates the mass transfer
limitations encountered in macromolecular separations. The C-CP fiber columns have
been demonstrated to provide efficient separations of proteins under hydrophobic
interaction chromatography (HIC), reversed-phase (RP), and ion-exchange
chromatography (IEC) conditions.
Fundamental studies of the loading characteristics provide a better understanding
of how the adsorption and subsequent separation works with the C-CP fibers. These
studies will also determine the overall loading or dynamic capacity of the fiber. Frontal
analysis (FA) was used to evaluate of the breakthrough curves and reveal the kinetic and
thermodynamic properties of the fibers. The fibers maintain kinetic stability at very high
linear velocities for both the small molecules and macromolecules studied. These studies
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further demonstrate the applicability of the C-CP fiber as an adsorbent/stationary phase
for liquid chromatography separation.
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CHAPTER ONE
INTRODUCTION

Introduction to Chromatography
Chromatography was originally developed around the turn of the 20th century by a
Russian botanist, Mikhail Tswett, with the separation of plant extracts. For almost thirty
years his separation method was overlooked until Kuhn and Lederer [1] discovered
Tswett’s dissertation translated into German. However, it was not until the work of
A.J.P. Martin and co-workers [2,3] was published that chromatography began to be a
preferred separation method. Chromatography was originally designed in a preparative
manner to extract and purify compounds from complex mixtures in which samples were
collected off-line and then analyzed [4]. In the 1950’s, detectors were developed that
translated physical or physiochemical properties into current or voltages (as well as the
development of recorders of these electrical signals) and paved the way for modern
instrumentation [5].
Tswett was ahead of his time in his understanding of the physiochemical
processes that are involved in chromatography [4]. He discovered early on that
differences in the chromatographic separation occurred based on the nature of the
adsorbent and choice of eluting solvent. Tswett discussed several characteristics of the
packing material that may effect the chromatography, which include a) purity of
adsorbent (which should not leach), b) packing homogeneity, c) size distribution (which
should be narrow), and d) average particle size (which should be small) [5]. Tswett,
however made no attempts to correlate mathematical terms or models to describe the
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chromatographic separations. The first attempts at modeling the adsorption process of
analytes to a solid surface was in 1920 by Bohart and Adam [6] with the interpretation of
breakthrough curves (explained later) from cartridges of gas masks. Fundamental studies
of the adsorption process began in the 1930’s which produced the first theoretical models
to provide a better understanding of the chromatographic process [4]. These studies were
the first approaches to adsorption chromatography in which mathematical functions were
used to interpret and predict the adsorption process.
Solid Phases in Chromatography
Traditionally, solid phases used in chromatography are chemically bonded
(derivatized) silica. They consist mainly of an inert solid support material which is then
coated or derivatized with a liquid or solid making up the “stationary phase.” The nature
of the coating material determines what type of materials will be most strongly adsorbed.
Therefore numerous columns are available that are designed to separate specific types of
compounds.
Chemical limitations of silica-based adsorbents, such as insufficient workable pH
range and chemical robustness, have driven researchers to investigate different
support/stationary phases, such as polymeric materials. Polymeric stationary phases have
been employed since 1954, with the first synthetic polymer phases introduced in 1964
[7,8]. Polymer adsorbents generally provide a more hydrophobic surface with out
derivatization, greater pH stability, and are more chemically and physically robust than
silica-based adsorbents [9].
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Typical adsorbents that are commercially available are porous in nature. Porous
media have been found to improve the separation efficiency by providing a great surface
area; however, the porous nature of the media can be the greatest limitation for increased
sample throughput by using higher flow rates [10,11]. Faster flow rates have been shown
to increase the sample throughput, resulting in decreased analysis time and overhead
costs. The diffusion into and out of the pore is the greatest limitation for faster flow
rates, with typical linear velocities not exceeding 6 mm/s for commercial columns.
Another concern is the size of the pores with respect to the size of the analyte of interest.
For macromolecules (such as proteins and peptides) their relative size typically exceeds
the size of the pores used in rapid separation media, therefore the macromolecules are
then excluded from the pores altering the separation.
Fiber Based Polymer Adsorbents
Since the invention of chromatography in the 1900’s, it has been suggested to
investigate fabric or fiber based adsorbents for their use as stationary phases [4].
Although mentioned as a possibility in previous articles it was first demonstrated in 1950
by Hoffpauir and Guthrie [12] that modified cotton (sulfethoxycellulose) fabrics have the
same characteristics as those used in granular ion-exchange adsorbents. Their findings
opened the door for further column format analyses. The first chromatography separation
on fiber-based adsorbents was in 1980 by Miller and co-workers [13] where they
investigated rayon, nylon 66 and polypropylene for the separation of alcohols under
inverse gas chromatography. The researchers successfully separated ethanol-water
mixtures on different fiber chemistries, finding that the rayon fibers gave the best
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selective retardation of water. Although the paper mentioned continued studies under
liquid chromatography conditions, no further results were published. The first extensive
studies employing fibers in liquid chromatography was in the late 1980’s by Kiso and coworkers [14-18]. The researchers were successful in separating several organic solutes
[15-17] and polycyclic aromatic hydrocarbons (PAHs) [18], demonstrating the separation
of four compounds in one mixture in several hours. Ladish and co-workers extensively
studied rolled cellulose stationary phases in the late 1990’s and early 2000’s [19-25].
They were the first to evaluate fibers that were woven in a fabric format, forming a
continuous fibrous matrix, which was then rolled in order to pack into a column. The
researchers investigated three fiber columns consisting of 100% cotton cellulose fibers, a
60/40 cotton/ polyester (PET, poly(ethylene terephthalate)) blend, and a diethylamino
ethyl (DEAE) derivatized 60/40 cotton/polyester blend. These changes in fiber
composition allowed for changes in the selectivity and increased their application into
other chromatography formats such as ion-exchange and hydrophilic separations [20,25].
They were able to successfully employ flow rates up to 100 mL/min (300 cm/min) with
back pressures up to 520 psi [20,21]. The researchers also investigated many kinetic and
hydrodynamic properties for both proteins and small molecules. Results showed that the
rolled fiber columns were compatible with traditional HPLC separations such as organic
and buffered solutions supporting their use for other chromatography formats [20,21].
More recently, the R. K. Marcus laboratory has successfully employed capillarychanneled polymer (C-CP) fibers (Fig. 1.1) as a combined support/stationary phase for
HPLC separations [26-35]. Their geometry is unique, consisting of eight capillary
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Figure 1.1. Cross section SEM image of the PET C-CP fiber
[36].

channels (Fig, 1.1) that run the entire length of the fiber providing for a higher (~3x)
surface area/volume ratio when compared to circular cross-section fibers of the same
nominal diameter [36]. This relatively high surface area, their extremely low operating
backpressures, and chemical flexibility of different base polymers (polypropylene,
poly(ethylene terephthalate), and Nylon 6 currently available in the C-CP format) make
them strong candidates for their use as stationary phases in HPLC separations. Their use
has been demonstrated for RP-HPLC separations of diverse organic compounds as well
as proteins [30-34]. The use of the fibers as solid phase extraction media to isolate
proteins from buffer solutions prior to ESI-MS analysis has recently been demonstrated
[35]. The hydrodynamic aspects C-CP fiber columns have been studied by varying
packing density and column inner diameter [27]. Due to the low backpressures and the
ability to employ high flow velocities, they may be employed for rapid analyses with
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high gradient rates, decreasing the overall analysis time, thereby increasing throughput.
Linear velocities of ~25 mm/s have been employed with C-CP fibers columns to yield
high resolution protein separations under typical RP-HPLC gradient elution conditions
[31]. These studies represent the basic application and method development of a new
stationary phase. For successful implementation into a commercially available product, a
more comprehensive look at the fundamental understanding of the adsorption process is
needed.

Adsorption Chromatography
Adsorption chromatography is an extensively studied field, involving the
separation of a substance (the adsorbate), from one phase by its migration to and
subsequent accumulation at another surface (the adsorbent) [37]. This form of
chromatography can be used to determine many aspects (such as the adsorption rate and
capacity) of the adsorption process. It can also be used to determine other kinetic and
thermodynamic properties of the adsorption process as well as predict the adsorption
mechanism(s). Many methods exist to investigate the adsorption process, which can be
divided into two basic categories: dynamic and static methods. Due to the complexity of
the adsorption process and the abundance of methods available, only single-adsorbate or
single-component methods will be discussed hereafter.
The more simplistic of the two methods is the static method, also referred to as
the batch method. This method involves immersing a known amount of adsorbent in a
known amount of solution of a particular concentration of adsorbate in a closed vessel
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[5]. After a given period of time, which depends on the amount of adsorbent and
adsorbate added, as well as the vessel size, the solution is then analyzed to evaluate the
change in adsorbate concentration. The analysis time estimation is crucial and should be
long enough to allow for equilibrium (where no further net adsorption occurs) to be
reached, which can range from hours to days [5]. This method determines the amount
adsorbed at equilibrium without the limitation of mass transfer kinetics (migration of the
adsorbate to the adsorbent surface). Kinetic rates can only be determined with this
method if the concentration of adsorbate is monitored over the time it takes to reach
equilibrium or exhaustion (complete adsorption of the adsorbate to the adsorbent). The
best format to continuously monitor the adsorbate concentration during the adsorption
process is with a continuous-flow format, which is termed the dynamic method.
The dynamic method is the most popular method of choice due to its ability to
investigate other kinetic and thermodynamic characteristics of the adsorption process,
such as the mass transfer kinetics. The basic design of the dynamic method involves the
use of a stationary adsorbent and a continuously flowing fluid or gas. This flowing liquid
or gas is continuously monitored before and after a perturbation until the system reaches
equilibrium. This perturbation is the result of the addition of the adsorbate into the
flowing fluid or gas. Some techniques use a pulse of adsorbate (at a given concentration)
which produces peaks (or bands) similar to those observed in chromatography called
band profiles, while other techniques continuously pass a solution of a given
concentration which produces breakthrough curves [5]. Among the vast array of
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dynamic method techniques, frontal analysis (FA) or frontal chromatography is the most
common.

Frontal Analysis
Frontal analysis (FA) was first developed and employed independently by James
and Phillips [38] and Schay and Sezkely [39] for the investigation of adsorption
equilibria [5]. This method has since dominated the literature of adsorption
chromatography because it is considered the most accurate technique for the
determination of single-component isotherms [40-45]. This accuracy, however, depends
mainly on precise control of many different parameters such as column temperature,
pressure, mobile phase composition, and flow rate as well as the accurate determinations
of the column void volumes and column dimensions [40]. The key advantage of the FA
method is that if the parameters are monitored and controlled correctly, then the results
are not influenced by mass transfer kinetics, meaning that the mass transfer kinetics are
constant throughout the adsorption process [40-45].
In FA, a stream of pure mobile phase is pumped through a chromatographic
column followed by a sudden perturbation by a stream of the adsorbate at a given
concentration in the same composition of mobile phase. The equilibrium process is
continuously monitored creating a breakthrough curve (Fig. 1.2) of the change in the
detector response versus time. A mass balance assumption is then used to estimate the
amount adsorbed at equilibrium. The first step to validate the FA method is to ensure
that the flow range used does not alter the mass transfer kinetics of the adsorption
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process. This will ensure the correct calculation of the amount adsorbed at equilibrium
which will be used to further evaluate the adsorption process discussed below in the
Adsorption Isotherm section.
Breakthrough Curves
Breakthrough curves are normalized (Fig. 1.2) in order to compare curves
obtained across a range of parameters. Calculations, methods, and assumptions based on
the work by Vera-Avila, et. al. [43] are presented below.
1

D

Φ(Ce/C0)

F

E
0

0

Vb

Vs

Ve

BV
Figure 1.2. Normalized breakthrough curve: BV = number of bed volumes, Φ = solute
concentration in the effluent with respect to the concentration in the influent, Vb = breakthrough
volume, Vs = stoichiometric volume, and Ve = exhaustion or equilibrium volume.

In these normalized curves the x-axis is the number of bed volumes (BV) passed
through the column (Eq. 1) and the y-axis is the relative concentration of the analyte in
the effluent with respect to its concentration in the influent (Eq. 2).
(1.1)

BV = V/ (V2)
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(1.2)

Φ = Ce/C0

where, BV is the number of bed volumes, V is the volume of solution passed through the
column (mL), V2 is the geometrical volume of the column (πr2L), Φ is the relative
concentration of analyte in the effluent, Ce is the analyte concentration in the effluent at
volume V (mg/L), and C0 is the analyte concentration in the influent (mg/L). It is
important to note that V2 can also be represented by the volume of the stationary phase
[41,46].
Based on mass balance the area of a rectangle through any point i (example is
shaded area) in the breakthrough curve (Fig. 2) is proportional to the amount of solute
contained in a volume Vi of the influent [43]. In this same rectangle, the area over the
curve (D) is proportional to the amount adsorbed and the area under the curve (E) is equal
to the amount not retained [43]. Therefore the amount adsorbed at any point i can be
calculated as:
(1.3)

qi = C0 Ao,i(Vb-V0) [1 BV]/(AiW)

where, C0 is the influent concentration; Ai is the area of the rectangle created through
point “i”, Vi is the volume based through the column at point i, V0 is the void volume in
the column, [1BV] is the volume occupied by the adsorbent, Ao,i is the area over the
curve in side the rectangle, and W is the mass of the dry adsorbent in the column.
The solute breakthrough volume (Vb) is essentially the point at which
breakthrough occurs, where all the solute delivered to the column (up to this point) has
been adsorbed. The amount of analyte adsorbed at the breakthrough point is calculated
by:
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(1.4)

qb = C0 (Vb - V0) [1 BV]/W

where, qb is the amount of analyte adsorbed (mg/g). The amount of adsorbate on the
adsorbent at Vb (qb) is the maximum allowable amount of sample that can be processed
on this column with minimal sample loss due to sample overload, which in a typical
chromatographic separation would result in some of the adsorbate being eluted from the
column before the adsorbate peak is eluted. This would be seen in a large injection peak
or may also be seen in peak fronting.
The exhaustion or equilibrium volume (Ve) is the point at which the concentration
in the effluent is equal to the concentration in the influent (Φ=1) and is the true saturation
of the adsorbent. The concentration of analyte in the adsorbent at equilibrium (qe) can be
calculated using the stoichiometric front. This is the vertical line representing Vs (seen in
Fig. 1.2) that divides the front in such a way that the area under the curve (E) equals the
area over the curve (F). Therefore the amount of analyte in the volume Vs is the same as
the amount adsorbed at Ve , which can be used to determine qe by equation 5.
(1.5)

qe = C0 (Vs-V0) [1 BV]/W

Ideally, the breakthrough curve would be symmetrical and the stoichiometric
point can be estimated as the mid-height point (Φ=0.50) on the curve. Unfortunately, due
to kinetic effects symmetry can be lost, but this approach can give a relatively reasonable
estimate of the stoichiometric point as well as non-linear absorbance detector responses at
high effluent concentrations could also lead to asymmetry. Regardless of the shape of the
breakthrough curve the stoichiometric center should divide the curve into equal areas of
the total area of the breakthrough curve. This is sometimes better obtained by integrating
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the curve (i.e., the equal area method) [40,41]. The most important information obtained
from the breakthrough curve is amount adsorbed at equilibrium which is used to create an
adsorption isotherm plot.

Adsorption Isotherms
The most important result of any adsorption study is the amount adsorbed at the
equilibrium point. In the FA method, using breakthrough curves, this point is estimated
by eq. 5 using the stoichiometric point (Vs). A plot of the relationship between the
amount adsorbed (qe) and the concentration on the adsorbate (C0) is the adsorption
isotherm. In most cases, the amount adsorbed increases with increasing concentration of
adsorbate but not always in direct proportion to each other [37].
Brunauer and co-workers [47] divided isotherms into five basic types based on
shape for the gas-solid equilibria (Fig. 1.3). The situation is much more complex for the
liquid-solid equilibrium. The main difference, which causes the most difficult problem to
overcome, is the nature of the adsorption process. In the liquid case, the adsorbate is in
solution and thereby competes with the solvent (which is in excess to that of the
adsorbate) for access to the solid adsorbent surface [5]. Guiochon and co-workers have
extensively studied many isotherms and found that most isotherms have the general shape
of convex upward and belong to type I (Langmuir) [48]. Very few isotherms follow
types II, III, IV, and V, those that are of these forms are due to complex adsorption
mechanisms.
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Figure 1.3. Five isotherm types in gas-solid equilibrium (Reprinted with permission from S.
Brunauer, L.S. Deming, W.E. Deming, E. Teller, Journal of the American Chemical Society 62
(1940) 1723 (Fig. 1),© American Chemical Society).

Giles and co-workers [49-51] classified liquid-solid equilibrium into four classes
based on the initial (low concentrations) part of the isotherm and five basic subgroups
based on the behavior of the isotherm at higher concentrations (Fig. 1.4) [52]. The L
(“Langmuir” type) class is the most commonly observed isotherm and is characterized by
the initial region being concave to the concentration (x-axis), similar to that described by
Guichon and co-workers [48]. The L class, subtype 1 (L1) corresponds to low
concentration range isotherms and L2 isotherms reach a plateau. Higher concentrations
beyond L2 adsorption give the L3 isotherms, and a second plateau gives the L4
isotherms. The L5 isotherm (Fig. 1.4) shows a maximum, but is more complex involving
solutes that associate in solution, and may contain impurities. These same trends can be
associated with the other three isotherms classes, but not all have been experimentally
demonstrated [52].
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Figure 1.4. Isotherm types as defined by Giles and coworkers (Reprinted with
permission from C.H. Giles, T.H. MacEwan, S.N. Nakhwa, D. Smith, Journal of
the American Chemical Society (1960) 3973).

The S class has an initial slope of convex upward followed by a point of inflection
at higher concentrations (S2), depicting an S-shape. The H class is a result of strong
adsorption (high affinity) at low concentration that appears to create an intercept on the yaxis. The fourth class, C, has a constant, linear pattern of adsorption at low
concentrations indicating a constant partitioning between the adsorbent and adsorbate.
This type is typically seen in microporous adsorbents, which is why the isotherm plateaus
sharply at high concentrations [52]. This system of models is, however, only useful for
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small molecule adsorbates. With macro molecules (such as proteins or peptides) the
adsorption becomes more complex and, in most cases, the adsorption taking place may be
due to several different mechanisms [4,53]. There are many theories that have been
developed to describe the liquid-solid equilibrium [4,44,53], but unfortunately most
equations derived thereafter, are empirical and only serve as an approximation.

Adsorption Isotherm Modeling
Adsorption isotherms are described by several mathematical equations; some
provide a physical understanding of the adsorption process while others are more
empirical in nature and are intended only to correlate with the experimental data. The
more empirical parameters present in the equation, the better the fit to the experimental
data. Empirical parameters, however, are unrelated to physical factors that influence the
adsorption process. Therefore, the values of the variables cannot be used for any physical
interpretation other than for comparison. Table 1.1 shows a variety of common equations
originally developed for gas-solid equilibrium but have been derived to be used to
describe the liquid-solid equilibrium. Discussed below are only the models that have
been extensively used in literature for liquid-solid equilibrium and those that will be used
in the chapters here after.
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Table 1.1. Table of common derived isotherm models.
Model

Equation

q = qs

Langmuir
Bi-Langmuir

q = qS1

bC
(1+ bC)

b1C
b 2C
+ q s2
1+ b1C
1+ b 2 C
1

Freundlich
Quadratic

q = K fCn
q = q S1

q = q S1 (1- e -b1C )

Jovanovic

-X q /q
q
= b 1C e
q S1 - q

Fowler
Tóth

Moreau

BET

b 1C + 2b 2 C 2
1+ b 1C + b 2 C 2

q = qS1

q = qS1
q = qs

S1

b1C
(1+ (b1C)t )1/t

b1C + I1b12 C 2
(1+ 2b1C + I1b12 C 2 )

bSC
(1- b L C)(1- b L C + b S C)

Langmuir Isotherm
The characteristic shape of the Langmuir adsorption isotherm is convex upward
(relative to the y-axis) and is the most common isotherm model for liquid-solid
interactions in liquid chromatography [4,5,52]. The Langmuir model was originally
developed in 1918 for the adsorption of gases onto solids [37]. The basic assumptions for
this model include: a) the adsorption energy is constant throughout the isotherm and
independent of surface coverage, b) no adsorbate-adsorbate interactions occur, and c)
maximum adsorption occurs at a monolayer of surface coverage [37]. Derivation of the
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Langmuir model into the liquid-solid equilibrium system can be found in several
publications [4,5,37]. The equation for the derived Langmuir isotherm is [41,44,45]:
q = qS

bC
(1+ bC)

(1.6)

where q is the amount adsorbed at exhaustion or equilibrium, qS is the monolayer
saturation capacity, b is the adsorption-desorption equilibrium constant on the surface,
and C is the influent concentration. The derived liquid-solid equilibrium model also
assumes that the interaction of an adsorbate with the adsorbent is of the same mechanism,
thereby assuming that the surface is chemically homogeneous.
Bi-Langmuir Isotherm
The bi-Langmuir isotherm is an extension of the Langmuir isotherm model and is
the simplest model for a non-homogeneous (heterogeneous) surface [5]. This model
assumes that the surface contains two distinct sites or domains. The equilibrium is then
the result of two independent Langmuir isotherms [42,44,45]:
q = qS1

b1C
b2C
+ qS2
1+ b1C
1+ b2C

(1.7)

This model, therefore, has two saturation capacities, qS1 and qS2, that correspond
to the surface coverage for each of the existing sites on the surface. The adsorption
interaction of this model, however, still assumes that the maximum adsorption is reached
with a monolayer of surface coverage. This model can also be extended to include a third
domain for a tri-Langmuir isotherm [42,44].
Freundlich Isotherm
The second most popular isotherm used in the solid-liquid adsorption literature is
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the Freundlich isotherm model. This model was proposed by Boedeker [54] and was
later popularized in 1926 by Freundlich [55] for gas-solid adsorption [5,37]. As with the
Langmuir isotherm, the Freundlich also assumes a homogeneous surface with a
monolayer adsorption and no adsorbate-adsorbate interactions. Boedeker [54] proposed
the following equation to account for adsorption of polar compounds onto polar
adsorbents [5]:
q = Kf C

1
n

(1.8)

where Kf is the “Freundlich parameter” and is commonly used as an estimation of the
adsorption capacity, and n can be used to estimate the magnitude of adsorption thereby
estimating the energy or intensity of the reaction [37,56]. Due to the exponential nature
of the equation it assumes an infinite adsorption. Although many attempts have been
made to justify the parameters of the Freundlich equation, they still remain empirical and
can only serve as an approximation for comparisons.
Quadratic Model Isotherm
The quadratic model is a basic isotherm model that encompasses both the
Langmuir and bi-Langmuir models. Combining these models allows the equation to have
0-3 inflection points in the isotherm, which may or may not be visible. This model can
therefore be used to model the S-shaped isotherms described in Fig. 3 and is written as:

b1C + 2b 2C 2
q = qS
(1- b1C + b 2C 2 )

(1.9)

If b1 > 0 and b2 = 0, the equation would appear similar to the Langmuir isotherm and if b1
> 0 and b2 > 0 the equation would resemble the bi-Langmuir isotherm.

18

Moreau Isotherm
The Moreau isotherm is another form of the quadratic isotherm and is similar to
the Langmuir isotherm. The Moreau isotherm assumes an infinite adsorbent surface, but
beyond the point of monolayer coverage, takes into account adsorbate-adsorbate
interactions that are reflected in the term I. Unlike the Langmuir isotherm, the Moreau
isotherm can have up to two inflections points. The equation is as follows:
b1C + I1b12 C 2
q = qs1
(1+ 2b1C + I1b12 C 2 )

(1.10)

If the extent of adsorbate-adsorbate interactions is low (I1 = 0 → 1) then the initial
curvature is convex upward (relative to the x-axis). Alternatively, if such interactions are
appreciable, ( I1 > 1), then the isotherm is initially convex downward and may have
inflection points at higher concentrations [40,44]. As in the case of the bi-Langmuir
model, there is also a bi-Moreau expression (eq. 11) that takes into account multiple
initial binding sites with the surface prior to the onset of adsorbate-adsorbate interactions.
b1C + I1b12 C2
b2C + I2b2 2 C2
q = qs1
+ qs2
(1+ 2b1C + I1b12 C 2 )
(1+ 2b2C + I2b2 2 C2 )

(1.11)

BET Isotherm
The Brunauer, Emmett, and Teller (BET) isotherm model is more commonly
applied to gas-solid adsorption. It is an extension of the Langmuir model to include
multilayer adsorption thereby accounting for the S-shaped isotherms [37]. It describes
the multilayers that adsorb onto a surface when the pressure is lower than that for full
adsorption of a single layer [40,44]. The model uses this information to determine the

19

monolayer saturation of the adsorbent. Guiochon and co-workers have extended this
model for use in liquid-solid adsorption [41,44]:
q = qS

bSC
(1- bLC)(1- bLC + bSC)

(1.12)

where bS is the equilibrium constant for the first layer (adsorbate-adsorbent interactions)
and bL is the equilibrium constant for the adsorbate-adsorbate interaction. This model
makes two assumptions: a) the extent of mobile phase interaction (and thus adsorption) is
significantly weaker than the adsorption of the solute and b) interactions are of a singlecomponent nature [40,44]. Each layer that is adsorbed however, does not need to be
complete for adsorbate-adsorbate interactions to occur [37].

Summary
Loading studies can provide a better understanding of how these C-CP fibers
function. Adsorption isotherms plots can provide essential information on the separation
process (including possible adsorption mechanisms) of the C-CP fibers, but until now
little work has been done in this area. The research presented here describes the
characterization of PET C-CP fiber stationary phases evaluated by frontal analysis (FA)
to determine some of the kinetic and thermodynamic characteristics, including effects of
flow rate and concentration of adsorbate, on the adsorption efficiencies and loading
capacities of select small molecules and proteins.
Chapter Two describes the study from the FA analysis of the adsorption of
naphthalene and naphthol. The effect of flow rate and influent concentration on the
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amount adsorbed at equilibrium was investigated. The data from Chapter Two will be resubmitted to the Journal of Chromatography A for publication. Chapter Three describes
an introductory evaluation of the static method for the adsorption naphthalene and
naphthol. Comparisons are made between the FA and static method. Chapter Four
presents the investigation of the adsorption of macromolecules (Lysozyme and BSA).
The effect of flow rate and concentration was investigated. The results of Chapter Four
will be submitted to Journal of Chromatography B for publication. Chapter Five
discusses the effect of mobile phase composition on the amount adsorbed at equilibrium
for both Lysozyme and BSA. Column to column reproducibility was also investigated
for the lysozyme protein. The data of Chapter Five will be submitted to Journal of
Chromatography B for publication.
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CHAPTER TWO
SMALL MOLECULE ADSORPTION ONTO POLYESTER CAPILLARYCHANNELED POLYMER (C-CP) FIBER: FRONTAL ANALYSIS OF
NAPHTHALENE AND NAPHTHOL

Introduction
Polycyclic aromatic hydrocarbons (PAHs), a group of nonionic hydrophobic
organic compounds (HOCs), are an important family of pollutants due to their toxicity
and ability to react with DNA to promote a mutagenic and carcinogenic response [57].
Their use in certain industrial processes is important (e.g., in dyes, plastics,
pharmaceuticals, and the pesticide industry) [58]. PAHs are naturally found in crude oil,
creosote, coal tar, and coal. Most sources include activities such as energy production
and the transportation, storage and refining of fuels. Release of PAHs has been reported
for production and processing of dyes, pigments, and plasticizers but the greatest amount
is from incomplete combustion processes. The main concern is the PAHs and other
HOCs is the transfer to ground water by leaching or colloid-enhanced transport from
solid particles or subsurface environments. While their solubility is quite low and usually
decreases with increased molecular weight, their poor biodegradability allows them to
exist and accumulate in the environment for long periods of time.
There are many methods available to investigate and treat PAHs including photoand bio-degradation [59-61] and adsorption [62-66], but there are only a few technologies
available that are feasible for the removal of trace HOCs from aqueous solutions.
Adsorption is one of the most extensively used techniques for the removal of trace
organic contaminants from aqueous solution in water or wastewater treatment plants. A
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number of materials ( e.g, alumina, zeolite, soils, clays, and activated carbon) have been
investigated for the removal of various contaminants. Activated carbon is the most
extensively studied adsorbent and is considered the most effective solid adsorbent for
removing pollutants from water [62,65,66]. Activated carbons being created by charcoal,
have higher production costs and therefore create a limited supply. Due to this limitation
other adsorbents are becoming of greater interest, specifically natural adsorbents ( sand
and clays) and polymer adsorbents [46,66-69].
We describe here the results of FA studies on the use of polyester (PET) C-CP
fiber columns for the immobilization of low molecular weight organic compounds from
aqueous solutions. Specifically, owing to their environmental and health concerns,
breakthrough data was collected and compared for the polycyclic aromatic hydrocarbons
(PAHs); naphthalene and naphthol. The use of polymer sorbents as a means of
sequestering PAHs has been a recent topic of interest in the areas of waste remediation
and food packaging [70-72]. These structurally similar species show very different
binding characteristics to the PET C-CP fibers, which can be related to their chemical
nature. The effects of flow rate and concentration on the frontal profile, the breakthrough
volume, and the equilibrium parameters were determined. It is believed that the C-CP
format provides a number of key advantages over packed-bed technologies in the area of
rapid separations, including liquid chromatography and solid phase extraction, and
studies of this type are necessary to better understand and improve their application.
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Experimental
Column Preparation
The polyester C-CP fibers used in the frontal analysis experiments were obtained
from Fiber Innovations Technology (Johnson City, TN) with the columns prepared in a
manner similar to previous publications [27,34]. In this case, 20,680 fibers,
corresponding to a mass (W) of 0.938 g and an interstitial fraction of 57% were pulled
through a 66 mm long , 4.6 mm i.d. stainless steel column (Valco Instruments, Houston,
TX). The optimized interstitial fraction was previously published at ~60% [27]. The
constructed stationary phase bed volume was 0.637 mL. Columns constructed in this
way typically show variability in protein test solution retention times of <5 %RSD [73].
Chromatographic System and Operations
The chromatographic system consisted of a Waters (Milford, MA) Model 1525
binary HPLC pump and Waters 2487 dual wavelength absorbance detector at 254 nm. A
6-port Rheodyne injection valve fitted with a 1 µL injection loop was utilized only to
initiate data collection. Data was collected by the Millennium 32 Chromatography
Manager and further processed and managed in Microsoft (Seattle, WA) Excel and
MathCad 12 (Cambridge, MA).
Chemicals and Reagents
De-ionized (DI) water was used in the preparation of all solutions. ACS grade
acetonitrile and isopropanol, purchased from Fisher Scientific (Fair Lawn, NJ), were used
to clean the column. Naphthol (Acros Organics (Fair Lawn, NJ)) and naphthalene (Baker
(Phillipsburg, NJ)) were dissolved in a 2 % methanol-water solution to allow for a larger
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solute concentration range, due to the low solubility of naphthalene in water (~31 mg/L).
ACS grade methanol was also purchased from Fisher Scientific.
Frontal Analysis
Breakthrough curves were collected for naphthol concentrations of 0.5 - 40 mg/L
at a flow rate of 2.0 mL/min and naphthalene concentrations of 5 - 40 mg/L at a flow rate
of 0.5 mL/min and 0.5 – 40 mg/L at a flow rate of 2.0 mL/min. As suggested by Gritti
and Guichon, the upper concentration for naphthalene are very near the saturation
capacity [48], and much higher than concentrations used by others to study naphthalene
adsorption [71,72,74]. The more narrow concentration range for the 0.5 mL/min flow
rate was chosen because of the extremely long experiments (>10 hours) that lower
concentrations would have required. As such, greater demands on system stability would
have been required. Determinations of the effects of flow rate on analyte retention were
carried out with naphthol and naphthalene concentrations of 20 mg/L at flow rates of 0.5,
1.0, 1.5, and 2.0 mL/min, equivalent to bed volume turnover rates of 47 – 188 BV/hr!
These volume flow rates correspond to linear velocities of ~6-18 mm/s, with a maximum
backpressure of 188 psi (1.30 MPa). No effort was made to optimize the interstitial
fraction, though this parameter will affect the back pressure and total column binding
capacity. All experiments were carried out under ambient conditions with a room
temperature of 24 ± 1.0 °C. All data reported represents triplicate (n=3) experiments at
each set of experimental conditions.
Isotherm Modeling
Isotherm results were presented and computed using Microsoft Excel, SigmaPlot
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with a scatter plot connected by smoothed lines (Point Richmond, CA), and MATLAB
(Natick, MA), respectively. Adsorption isotherm modeling was obtained from the frontal
analysis data and was plotted into SigmaPlot. Pre-defined equations from SigmaPlot
were used to fit the data to Langmuir and bi-Langmuir isotherm models. User defined
equations were employed for the fitting of Moreau, Freundlich, and BET isotherm
models using MATLAB.
The operational validity of the modeling programs was tested by comparing the
obtained values from the Matlab-generated fits to the isotherm data from published works
by Guichon et al.[42,75]. Very good agreement of the values was seen when comparing
the b and I terms for the various models, with the worst agreement seen when comparing
the q terms. Given that the input values were estimates from the published data plots, it
was felt that the programs were operationally sound.

Results and Discussion
Experimental data of naphthalene and naphthol breakthrough curves were
normalized as described in Chapter One except that V2 was represented by the volume of
stationary phase [41]. Due to the extended period of time required to achieve complete
saturation (~10 h or more in some cases), breakthrough curves were obtained until the
visual onset of the plateau region in the detector response, with a MathCad program
subsequently used to extrapolate the curves to saturation. The best fit for all of the fronts
was obtained with an exponential equation of the Boltzmann type.
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An important parameter in any loading study is the breakthrough volume. The
breakthrough volume defines the maximum volume of analyte that can be loaded onto the
column and still achieve complete recovery [43]. In this study, the breakthrough point
was defined by the analyte concentration in the effluent being equal to 1% of the influent
concentration. Therefore, the breakthrough volumes are estimated for each curve as point
in which Φ = 0.01. The concentration in the adsorbent was calculated by means of Eq. 4
in Chapter One [43]. Blank (solvent) breakthrough curves were collected and subtracted
from experimental breakthrough curves under each experimental condition, thus
compensating for any change in the void volume (V0) that may occur as the flow rate
changed. This allowed for the subtraction of the void volume from the experimental
breakthrough curves prior to any calculations thereby negating the void volume term in
Eg. 3.
The determination of the stoichiometric center (which was not always welldefined) was necessary in order to complete the frontal analysis. In this study, the
stoichiometric center for the effect of flow rate was determined in two separate ways and
the level of agreement was assessed. In the most simplistic approach, the stoichiometric
center (VS) was defined as the volume equating to the mid-height point (Φ = 0.50) of the
front and Eq. 5 was used to determine the adsorbed mass [43]. Using a more rigorous
mathematical approach, the stoichiometric center was estimated using the equal area
method, as defined in Chapter One. Based on the sufficient agreement of the
stoichiometric estimations (discussed below), the stoichiometric center determined as the
mid-height point (Φ = 0.50) was used for the remainder of this study.
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Reproducibility of Frontal Analysis Data
Due to the fact that the C-CP fiber columns are created in-house, there is an
obvious concern that the basic column performance is stable over the lifetime of these
adsorption experiments. The column stability was determined by the collection of seven
breakthrough curves for naphthalene adsorption, over a two-month time period. The data
and results are presented in chronological order in Table 2.1. There was little variation
(~8% RSD) seen in the saturation results (Vs, qe), whereas the breakthrough results (Vb,
Table 2.1: Reproducibility of frontal analysis for naphthalene. Concentration
= 20 mg/L, flow rate = 2.0 mL/min, bed volume = 0.42 mL bed volume.
Experiment number

Vb (BV)

qb (mg/g)

Vs (BV)

qe (mg/g)

1

8.01

0.073

45.00

0.411

2

13.13

0.120

47.04

0.429

3

15.70

0.143

46.78

0.427

4

10.57

0.096

40.29

0.368

5

10.15

0.093

38.83

0.354

6

13.55

0.188

43.01

0.392

7

9.84

0.090

38.25

0.349

Mean

11.56

0.160

42.75

0.390

STDV

2.65

0.037

3.69

0.034

RSD (%)

22.9

22.9

8.6

8.6

qb) exhibited more variability (~23 %RSD). Eliminating the extremes, however, lowers
the variability in Vb and qb to ~15% RSD. This variability in the breakthrough data is
likely due to the high interstitial fraction (57%) of the C-CP fiber column, causing some
variation in the column hydrodynamics as the column is inserted and removed from the
chromatographic system multiple times. Essentially, the loose packing causes the fibers
to reorient as the column is repressurized. Variability in Vb, however, is of less
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importance than the variability in the saturation (Vs, qe) results, because the derived
isotherms are representative of the equilibrium of the system and the practical binding
capacity. As such the ~8 % variability over 2 months is an excellent indication of the
system stability. All subsequent experimental data was performed in triplicate with the
calculated results all having a variability not exceeding 15% RSD.
Effect of Flow Rate on Breakthrough Curves
The dispersion of the transition zone is controlled by the adsorption kinetics,
typically causing a compression of the transition zone as the flow rate increases in packed
bed columns under typical flow conditions (generally not exceeding a linear velocity of
6.0 mm/s, which is the lower limit of the studies described here) [43,76]. This effect is
due to the decrease in the interaction time between the analyte and the adsorbent, which
can be seen in the breakthrough curves of naphthalene and naphthol obtained at flow
rates of 0.5 - 2.0 mL/min (Figs. 2.1a and b, respectively). Linear velocities above those
typically used in pack bed columns generally cause a decrease in the slope of transition
zones (i.e., broadening) due to inter-particle (diffusion into and out of the pores) mass s
transfer limitations of the stationary phases. For example, Vera-Avil et al. found that bed
volume rates exceeding 21.8 BV/hr began to distort breakthrough curves for phenol on
commercial (Amberlite) porous media [43]. This effect is not observed under the flow
rates and linear velocities studied here, demonstrating the consistency of the adsorption
kinetics on PET C-CP fiber columns over a larger range of flow rates. This difference is
mainly due to the non-porous nature of the C-CP fibers, which eliminates the process of
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diffusion of the adsorbate into and out of pores. This characteristic is more impressive
given the very high linear velocities (up to 18 mm/s) and bed volume turnover rates (up
to 188 BV/hr) employed here.
As seen in Figs. 2.1a and b, naphthalene was more retained (qe) and had a broader
transition zone than naphthol. There appears to be a suppression in the adsorption rates
beyond the Φ = 0.50 point for naphthalene over the range of flow rates studied, as
indicated by the decrease in the slope of the breakthrough curves. This decrease could be
caused by either slow mass transfer, filling of weaker active sites, or solutes interacting
with different types of surface sites (e.g., previously adsorbed analytes). Suppression was
also seen in the naphthol breakthrough curve for the 0.5 mL/min flow rate, but was not as
apparent at the higher flow rates of 1.0 - 2.0 mL/min. The naphthol breakthrough curves
do not reach complete saturation after approximately 400 BV, only reaching values of Φ
= 0.95 - 0.98. On the other hand, the naphthalene curves readily reach completion. As
will be described in subsequent sections, the amount of absorbed napthol approaches the
calculated monolayer coverage of the C-CP fibers in the column. Conversely, the amount
of adsorbed naphthalene goes well beyond the calculated geometric saturation limits.
This is suggestive of a more complex adsorption mechanism for the naphthalene
molecule than the naphthol molecule. This difference is also reflected in the broader
transition zones and the post-Φ = 0.50 suppression of the breakthrough curves for
naphthalene.
Derived characteristics for the breakthrough curves of naphthalene and naphthol
are presented in Tables 2.2a and b. In both cases, the breakthrough and stoichiometric
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volumes decrease with increased flow rates, but the rate of decrease was greater for the
breakthrough volume (Vb) than the stoichiometric volume (Vs), supporting the
thermodynamic nature of the stoichiometric point [43]. The decrease in Vb averaged
60% for naphthalene and naphthol as the flow rate was increased by 4x (multiplication of
four), while the Vs values dropped by 50% for both solutes. The proximity of the Vs and
qe values determined by the estimation (Φ = 0.50) and equal area methods in both data
sets are a reflection of the general symmetry of the breakthrough curves. Based on this
agreement in the values, the Φ = 0.50 estimation method was used to determine Vs
through the remainder of these studies due to its simplicity.
The efficiency of the adsorption process can be assessed in a frontal analysis
study for a given set of experimental conditions. This efficiency is defined by VeraAvila et al. [43] as the extent to which the adsorbent is loaded at the breakthrough point
with respect to its loading at the saturation point. This is simply the amount adsorbed at
the breakthrough point divided by the amount adsorbed at the stoichiometric point (qb/qe).
This is an interesting quantity as qb reflects a combination of both kinetic and
thermodynamic processes while qe solely reflects the thermodynamics of adsorption
process. The values presented in Tables 2.2a and b provide some insights into
similarities and differences between the two solutes and the roles of flow rates. In the
case of naphthalene, increases in mobile phase flow rate have no significant effect on the
efficiency of the adsorption process; i.e., the kinetics and thermodynamics are unaffected.
On the other hand, the naphthol efficiency is appreciably enhanced at the 1.0 mL/min
flow rate, decreasing by one-third at higher flow rates. Comparison of the qb values
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Table 2.2a: Effect of flow rate on frontal analysis characteristics of naphthalenea

a

Flow rate
(mL/min)

Vb
(BV)

qb
(mg/g)

Vs
(BV)
(Φ
Φ= 0.50)

qe
(mg/g)
(Φ
Φ= 0.50)

qb/qe
(%)

Vs
(BV)
(equal
area)

qe
(mg/g)
(equal
area)

0.5
(47 BV/hr)

23.8

0.22

98.1

0.89

25

99.8

0.91

24

1
(94 BV/hr)

13.8

0.13

53.5

0.49

27

47.2

0.43

30

1.5
(141 BV/hr)

14.5

0.13

47.3

0.43

30

46.5

0.42

31

2
(188 BV/hr)

10.2

0.09

39.1

0.36

25

42.7

0.39

23

qb/qe
(%)

Solute concentration = 20 mg/L

Table 2.2b: Effect of flow rate on frontal analysis characteristics of naphthola

a

Flow rate
(mL/min)

Vb
(BV)

qb
(mg/g)

Vs
(BV)
(Φ
Φ = 0.50)

qe
(mg/g)
(Φ
Φ = 0.50)

qb/qe
(%)

Vs
(BV)
(equal
area)

qe
(mg/g)
(equal
area)

0.5
(47 BV/hr)

5.06

0.046

14.2

0.130

35

16.3

0.150

31

1
(94 BV/hr)

3.67

0.033

9.21

0.084

39

8.12

0.074

44

1.5
(141 BV/hr)

2.63

0.024

9.04

0.082

29

9.46

0.086

28

2
(188 BV/hr)

1.92

0.018

7.15

0.065

28

6.28

0.057

31

qb/qe
(%)

Solute concentration = 20 mg/L

shows a fairly monotonic decrease with increasing flow, while the qe values decrease
with an initial step function between 0.5 and 1.0 mL/min, increasing the efficiency
quotient.
The mass transfer benefits afforded by non-porous media are demonstrated here
in comparison to works of Vera-Avila et al. [43]. In this C-CP work, all of the efficiency
values remain above 20% at bed volume turnover rates of up to 188 BV/hr. In the porous
Amberlite media, the efficiency for phenol binding decreases from 51% at a 7 BV/hr to
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0.6% at 94 BV/hr. This difference in behavior is a reflection to the fact that the limiting
mass transfer process in porous media is intra-particle diffusion. At this point, we are
unaware of any other PAH adsorption studies which look explicitly at the role of flow
rate.
Effect of Solute Concentration on Breakthrough Curves
Studies of the role of influent concentration on absorption capacity are at the core
of performing isotherm determinations. The response of the breakthrough curve shapes
to changes in solute concentration followed expected trends, and as such are not shown
explicitly here. The curves for the higher concentrations were more symmetric (as with
the higher flow rates) than for the lower concentrations of influent. The results of these
studies are presented in Tables 2.2a and b for naphthalene and naphthol, respectively. The
two flow rates for naphthalene were chosen because of the differences in the Vs values
between the lowest and three faster flow rates presented in Table 2.2a. If the mass
transfer kinetics are assumed to be constant, then there would be no effect with flow rate
on the amount adsorbed, but this is not the case for the two naphthalene plots [76]. The
amount adsorbed at the slower flow rate (0.5 mL/min) is almost a factor of two greater
than the higher flow rates, clearly suggesting a process(es) that is kinetically-limited [76].
However, as already stated previously, the adsorption process is independent of the
solvent-surface mass transfer; therefore this behavior is reflective of a complex
mechanism of adsorption, and so isotherms were created for both flow rates.
The dispersion of the transition zone depends on the adsorption kinetics [43].
Thus, an increase in analyte concentration should compress the transition zone, which is
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seen through the decreases in the calculated stoichiometric volumes (Vs) and
breakthrough volumes (Vb) (Tables 2.3a and b). The greater decrease in the
stoichiometric volume causes it to approach the breakthrough volume as the solute
concentration increases, yielding sharper fronts. This is also reflected in a steady
increase in the efficiency values at the 2.0 mL/min flow rate as the concentration is
increased from 0.4 – 5 mg/L. Beyond that concentration the kinetics and
Table 2.3a: Effect of concentration frontal analysis characteristics of naphthalene
Flow Rate
(mL/min)

C0
(mg/L)

Vb
(BV)

qb
(mg/g)

Vs
(BV)

qe
(mg/g)

0.4

63.3

0.01

481

0.09

1

50.8

0.02

370.29

0.17

3

36.9

0.05

190

0.26

5

18.3

0.04

80.1

0.18

10

15.0

0.07

64.80

0.30

20

8.0

0.08

45.0

0.41

40

6.6

0.12

29.2

0.53

5

30.8

0.070

149

0.34

10

21.1

0.096

110

0.50

20

22.3

0.203

85.5

0.78

40

13.3

0.243

54.1

0.99

2.0
(188 BV/hr)

0.5
(47 BV/hr)

Table 2.3b: Effect of concentration on frontal analysis characteristics of naphthola

aFlow

C0
(mg/L)

Vb
(BV)

qb
(mg/g)

Vs
(BV)

qe
(mg/g)

0.75

5.08

0.002

44.2

0.02

1.5

4.92

0.003

30.2

0.02

3

4.71

0.01

23.2

0.03

5

4.58

0.01

19.2

0.04

10

2.44

0.02

10.1

0.07

20

1.92

0.03

7.20

0.10

30

4.21

0.04

11.0

0.11

40

1.48

0.04

4.9

0.14

rate = 2.0 mL/min
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thermodynamics reach some sort of steady state relative to each other, and the efficiency
is unchanged. The sharpening of the fronts is not revealed in the 0.5 mL/min naphthalene
values, as the breakthrough curves were limited to concentrations above 5 mg/L. Based
on the arguments above, lower concentrations at the lower flow rate would probably
show less of a concentration dependence as the breakthrough volumes would be
increased relative to the stoichiometric volumes.
Adsorption Equilibrium
The mass of naphthalene adsorbed to the PET C-CP fiber surface at each set of
conditions is consistently much greater than that of naphthol (Tables 2.2 and 2.3), even
though their structures and molecular weights are similar. Differences are also clear
between the two flow rates employed for naphthalene adsorption. These disparities in
loading capacity can be further examined through the comparison of their adsorption
isotherms, which represent the response of the amount adsorbed at saturation (qe) with
variations of the concentration of analyte in the influent (C0) for a given set of flow
conditions. The resulting adsorption isotherms suggest how the solutes might accumulate
onto the adsorbents, a critical aspect in optimizing their use in a variety of applications.
The naphthalene adsorption isotherms at 0.5 mL/min and 2.0 mL/min, and naphthol at 2.0
mL/min are presented in Fig. 2.2a along with the corresponding Scatchard plot
representations in Fig. 2.2b. The curvature of these isotherms, convex upward, indicates
that the distribution coefficient of the solute between the adsorbent and the mobile phase
decreases as the concentration of the solute in the influent increases [43]. This is also
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evident in Tables 2.3a and b with the decreases in both the Vb and Vs, where Vs decreased
faster than Vb.
The adsorption isotherms of naphthalene (Fig 2.2a) have a general appearance of
a Langmuir or Type I isotherm [44], though certainly not what would be called a classical
Langmuir shape. On the other hand, the naphthol isotherm really does not have such a
distinct shape, having far less of a dependence on the influent concentration (in this range
of influent values). Scatchard plots (Fig. 2.2b) provide an effective way to begin to
classify potential adsorption models [48]. In this case, the Scatchard plot for the 0.5
mL/min naphthalene data reflects its higher loading capacity, with a shape (linear) that is
indicative of a Langmuir isotherm and suggestive of a homogenous surface in terms of
the adsorption sites/mechanisms. The Scatchard plot for the higher flow rate naphthalene
adsorption is far from being purely Langmuirian in character, being more like a biLangmuir or other higher order model. As suggested from the isotherm plot in Fig. 2.2a,
the Scatchard plot for the naphthol is far removed from fitting a Langmuir model. These
three Scatchard plots immediately suggest evaluation of Langmuir, bi-Langmuir, and
Freundlich models as described in Chapter One.
The derived isotherm absorption equations and fitting parameters for the data
depicted in Fig. 2.2 is presented in Table 2.4. Modeling the naphthalene adsorption to a
Langmuir isotherm produced a very good correlation (R2 = 0.9982) for the 0.5 mL/min
flow rate with an equilibrium saturation of qS = 1.40 mg/g. On the other hand, the fit for
the 2.0 mL/min show far less agreement (R2 = 0.9564), with a saturation of qS = 0.573
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Figure 2.2. a) Adsorption isotherms computed for naphthalene at mobile phase flow rates of
0.5, and 2.0 mL/min, and naphthol at 2.0 mL/min. The points represent the experimental data
from the frontal analysis curves at different solute concentrations in the influent. b) Scatchard
plots derived from the same experiments.
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mg/g. As would be expected from the shapes of the isotherms and Scatchard plots, the
napthol data also yield a poor fit (R2 = 0.9651), with a greatly reduced capacity of qs =
0.171 mg/g of the stationary phase material in comparison to the naphthalene solute. The
degraded correlation to the Langmuir model of the fast flow rate naphthalene isotherm,
reveals an obvious kinetic influence in the adsorption process as the overall
thermodynamics should be identical (i.e., the same solute/sorbent system).
Table 2.4: Adsorption isotherm parameters obtained by regression analysis for Langmuir, Freundlich and Bi-Langmuir
models.
R2

qS1
(mg/g)

y = (0.0840*x)/ (1 + 0.0599*x)

0.9982

1.40

2.0

y = (0.1297*x)/ (1 + 0.2265*x)

0.9564

0.573

Naphthol

2.0

y = (0.0095*x)/ (1 + 0.0554*x)

0.9651

0.171

Analyte

Flow rate
(mL/min)

R2

qS1
(mg/g)

qS2
(mg/g)

Naphthalene

0.5

y = [(0.09103*x)/ (1 + 0.06715*x)]+[(-4.010e^-7*x)/ (1 - 0.100*x)]

0.9999

1.356

-4.01E06

Naphthalene

2.0

y = [(0.04051*x)/ (1 + 0.06258*x)]+[(54857*x)/ (1 + 4810381*x)]

0.9925

0.826

Naphthol

2.0

y = [(0.0026*x)/ (1 + 0.032*x)]+[(0.0248*x)/ (1 + 0.6628*x)]

0.9909

0.081

Analyte

Flow rate
(mL/min)

Freundlich Model

R2

KF

n

Naphthalene

0.5

y = 0.167*x^(1/2.044)

0.9800

0.167

2.04

Naphthalene

2.0

y = 0.158*x^(1/2.906)

0.9897

0.158

2.91

Naphthol

2.0

y = 0.0167*x^(1/1.843)

0.9858

0.017

1.84

Analyte

Flow rate
(mL/min)

Naphthalene

0.5

Naphthalene

Langmuir Model

Bi-Langmuir Model

0.266
0.037

The slight convex downward shape of the faster naphthalene isotherm could be
indicative of a heterogeneous surface; as such the bi-Langmuir model might be more
appropriate. As seen in Table 2.4, the agreement of each of the isotherms is improved
upon fitting to the bi-Langmuir model, with all of the R2 values being >0.99.
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Comparisons of the binding capacities (qs1 and qs2) between the isotherms provide
evidence for the existence of different sites/interactions. First, the 0.5 mL/min
naphthalene adsorption suggests a singular type of interaction/interaction energy, as the
contribution of qs2 is statistically insignificant. Under the conditions of higher flow rate,
two types of interactions are revealed, with a capacity ratio of ~3:1, though the combined
values are less than that predicted for the lower flow rate. The naphthol isotherm data
also suggests two sites when fit to the bi-Langmuir model (Chapter One).
In addition to the potential capacities of multiple sites, the derived b-terms
provide insights into the nature of the multiple sites. The b-term is a key component in
the determination of the activation energy distributions. Comparison of the b1 values for
the two naphthalene flow rates shows that the singular site/process at the low flow rate is
energetically similar that to of the first site at the higher flow rate. On the other hand, the
second site appears to have a much higher equilibrium constant at the higher flow rate
suggesting that its population is kinetically unfavorable. We interpret the comparative q
and b values for the two naphthalene flow rates as being suggestive of two adsorption
processes having similar activation energies, but very different kinetics.
Similar, in shape to the Langmuir isotherm, the Freundlich isotherm model is
often used to model multi-site adsorption processes. As described in Chapter One, the
Feundlich model does not yield values having actual physical significance as in the case
of the Langmuirian models, but it does allow for qualitative comparison of capacity and
site densities under various experimental conditions. As seen in Table 2.4, the use of an
exponential isotherm model allows for a better correlation for the 2.0 mL/min
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naphthalene and naphthol experimental data than seen for the Langmuir model,
increasing the R2 values to ~0.98. On the other hand, the correlation for the 0.5 mL/min
naphthalene is greatly degraded. Assessment of the Kf factors, suggests that the
naphthalene adsorption capacities for both flow rates are effectively the same. This
makes sense since, barring kinetic differences, the same solute-adsorbate system is being
compared. On the other hand, as with the case of the qs values from the Langmuir/biLangmuir models, the capacity derived from the Freundlich model for naphthol is
approximately a factor of 10 less than naphthalene. Comparison of the n-values for the
two naphthalene flow rates indicates that there is greater diversity in binding
sites/energies present at the higher flow rate. These relationships are consistent with the
conclusions drawn from the simple Langmuir and bi-Langmuir modeling; two
energetically similar processes, having different kinetic properties.
Comparison of the isotherms and dynamic loading capacities (qs) presented in
Fig. 2.2a and Table 2.4 respectively with adsorption data in the literature for related
compounds (e.g., naphthalene, naphthol, phenol) studied on porous media reveals a
number of very important aspects [43,46,64,70,71]. First, and least surprising, those
media show far greater binding capacities (10-100s times greater) than the C-CP fibers.
Interestingly, the increased binding is not directly proportional to the relative surface area
increases. As pointed out by a number of those studies, differences in pore structure and
stationary phase polarity can affect the capacities and propensities for multi-layering. So
it may well be that the non-porous C-CP fiber structure, while being of lower specific
surface area, may be more amenable to the multi-layering phenomena. Second, in all

41

cases where the adsorption data were fit to models, the Freundlich model was the best
approximation to the processes taking place. Finally, the need for diffusion within pores
to affect adsorption requires that very slow bed volume turnover rates (typically 1-10
BV/hr) and linear velocities be employed in those media to take advantage of the added
surface area. In fact most studies are performed in a static mode. Static adsorption will
be explained in Chapter Three.
Adsorption Processes
As suggested in the structure of the PET monomer (Fig. 2.3a), the surface of the
C-CP fiber is chemically-heterogeneous on the molecular level, having a phenyl group
for π-π interactions, a hydrocarbon segment for hydrophobic interactions, and finally the
possibility for hydrogen-bonding with the oxygen species. End group functionality may
also exist, giving rise to carboxyl functionality. The use of the 2% methanol solutions
here should negate any ionic interactions and also decrease the hydrophobic interactions
with the surface as well. As such, it is not difficult to imagine that π-π interactions are
the dominate mode of solute-surface interactions for both solutes. Having formed a
monolayer of solute coverage, π-π interactions would also promote multilayering. Based
on a molecular space-filling area of naphthalene of ~50 Å2, and the total surface area of
the PET C-CP fibers in the column (0.322 m2), a monolayer loading capacity of ~0.15
mg/g would be expected [77]. Further investigations of the fiber surface by atomic force
microscopy (AFM) reveals an increase in the surface area of ~13% due to surface
roughness. Therefore a surface area-based capacity of ~0.17 mg/g may be expected.
This value is as much as a factor-of-6 lower than those of the experimentally obtained for
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Figure 2.3. a) Chemical structure of the PET monomer, and the likely surface orientations of
the b) naphthalene and c) naphthol solutes.

the dynamic capacities of naphthalene presented in Table 4, but is very similar to those
obtained for naphthol (qS ≈ 0.171 mg/g). While there are a number of underlying
assumptions in the actual frontal analysis and the measurement of the total fiber surface
area, it is clear that the loading of the naphthalene far exceeds what could be projected for
a monolayer of coverage.
The different dynamic capacities and isotherm characteristics for naphthalene and
naphthol are readily understood based on their structural differences. The specific
orientation of the molecules on the surface of the adsorbent depends on several factors,
such as the chemical nature of the adsorbent, adsorbate-adsorbent interactions, adsorbate-
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adsorbate interactions, and solute concentration [52]. Based on the chemical structure of
PET (Fig. 2.3a), the adsorption of the aromatic test compounds to the surface can readily
occur through π-π interactions. Figure 4b depicts the most likely orientation of
naphthalene on the surface of PET, where adsorption can occur planar to the surface of
the PET fiber, though a perpendicular orientation has been presented as well [78]. The
adsorption of the primary layer of naphthalene onto the surface provides another aromatic
surface, with which the non-adsorbed solute molecules can interact (adsorbateadsorbate), creating multilayers on the surface through aromatic (π-π) stacking. The
stacking of PAHs has been the subject of a number of fundamental and theoretical studies
[78-81]. Multilayer formation of PAHs onto PET surfaces has also been noted by Simiko
and co-workers [72]. In that work, PAH adsorption from both natural oil and aqueous
solvents onto the surface of cylindrical PET receptacles was found to far exceed the
amount calculated for a single monolayer coverage of the container surfaces, and thus it
was concluded to be due to multilayer adsorption [72].
Comparison of the respective fits to the three different isotherm models, suggests
a reasonable picture of the naphthalene adsorption process wherein the initial layer is
formed via a process that is energetically similar to the subsequent layers; specifically π-π
interactions. On the other hand, formation of subsequent layers is kinetically limited as
revealed in the suppression of the capacity at the higher flow rate and the broadening of
the breakthrough curves beyond the stoichiometric (Φ = 0.50) point. The exponential
factor in the Freundlich analysis suggests that there is greater disorder under these
conditions, where slower flow rates allow for greater extents of adsorption.
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Figure 2.3c presents the potential orientation of naphthol at the PET surface,
along with the projections for multilayering through π-π interactions. As indicated by the
qs values in the bi-Langmuir fits presented in Table 2.4, there are two sites for the napthol
binding, one having a much higher capacity than the other. Of the two principle
interactions, the one wherein the ring system is located in the proximity of the surface
seems far more likely as this allows for π-π interactions, while allowing the polar OHgroup to be in contact with the mobile phase. Interaction in this orientation would not be
projected to be advantageous for subsequent multilayering through π -stacking. The
other primary absorption process, hydrogen bonding to the surface (via the hydroxyl
group), would be less likely, but would allow the possibility for addition of a subsequent
layer through aromatic stacking. In either case, it is not a surprise that the determined
naphthol loading capacities are in line with the geometric capacity of the C-CP fiber
packing, and not reflective of multilayering. Other reports of napthol and phenol
adsorption studies do not mention traits indicative of multilayering processes [46,70,74].
In addition to simple stacking issues, the other likely reason for the lower capacity of
naphthol for the PET fibers is the competition of the analyte with the mobile phase and
the adsorbent [43]. Very simply, the solid phase partitioning is far lower for the more
polar naphthol than naphthalene. This causes a competition between adsorption to the
surface and solvation in the mobile phase, in turn decreasing the dynamic capacity of
naphthol.
Multilayer Modeling
The most common adsorption models that depict multilayering on the surface of
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an adsorbent are the Moreau and the BET models. Table 2.5 presents the regression
analysis of the naphthalene data (0.5 and 2.0 mL/min) presuming a multilayer system.
The Moreau isotherm model is the simplest model that incorporates adsorbate-adsorbate
interactions, expressed in the term I. Due to the fact that the Moreau model is based on a
homogenous surface, it is expected that a bi-Moreau model which takes into account the
heterogeneous nature of the surface, would give a better fit to the naphthalene data, as did
the bi-Langmuir model over the simple Langmuir model. In the case of the 0.5 mL/min
Table 2.5: Naphthalene adsorption isotherm parameters obtained by regression analysis for Moreau, bi-Moreau,
and BET models.
Flow rate
(mL/min)
0.5
2.0

Moreau Model

b1C + I1b12 C2
q = qs1
(1+ 2b1C + I1b12 C2 )

Flow rate
(mL/min)
0.5

bi-Moreau Model

q = qs1

2.0

Flow rate
(mL/min)

BET Model

0.5

q = qS
2.0

b1C + I1b12 C2
(1+ 2b1C + I1b12 C2 )
b2C + I2b22 C2
+ qs2
(1+ 2b2C + I2b22 C2 )

bSC
(1-bLC)(1-bLC+bSC)

R2

qs
(mg/g)

b1

I1

0.9939

1.21

40.1

3.81

0.7722

0.773

199

0.225

R2

qs1
(mg/g)

b1

I1

qs2
(mg/g)

b2

I2

0.9928

4.10

2.81

1.77

1.43

3.46

-4.88

0.6228

2.00

1.92

1.81

10.5

3.97

-4.46

R2

qs
(mg/g)

bs

bL

0.9969

33.0

2.14

-16.3

0.8239

12.6

1.53

-6.42

data, both of the Moreau models presented good correlations, with values over R2 > 0.99.
On the other hand, the higher flow rate data does not find good correlation at all, with the
R2 values being less than 0.80. Clearly the Moreau model is not appropriate for these
higher flow rate conditions. Negative I-terms appear for the second site (I2) in the biMoreau model under both sets of conditions, indicating that either only one type of
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interaction takes place, or just a poor match for the isotherm data. The regression
analysis of the BET model for the naphthalene data at 0.5 mL/min and 2.0 mL/min in
Table 2.5 again points to the lower flow rate being a more well-behaved multilayered
system (R2 > 0.99), whilst the higher flow rate again shows a relatively poor match (R2 =
0.82).

Interestingly, the loading capacities (qs) are significantly different between this

model for the two flow rate conditions, with a substantial increase in the predicted
capacity (33 mg/g) than any of the other computed values. Due to the fact that neither
model typically used for modeling a multilayer system yields a good fit to the higher
velocity naphthalene data, it is proposed that indeed there are kinetic limitations to this
process, and a better model is needed to interpret this system.

Conclusions
The effects of several operating parameters on the adsorption characteristics of
naphthalene and naphthol onto a PET C-CP fiber column were investigated. Frontal
analysis and generation of appropriate isotherms and Scatchard plots reveal a number of
interesting contrasts in the adsorption behavior of these two simple PAHs. In both cases,
the adsorption to the PET surface is surely dominated by π-π interactions. Naphthalene
was far more retained than naphthol, greatly exceeding the theoretical monolayer surface
area saturation. Adsorbed naphthalene onto the surface of the PET fiber provides
additional aromatic character, allowing aromatic stacking of the naphthalene on the
solute-covered PET surface, creating multilayers. The extent of layering on the surface
was seen to be a function of the flow velocity. The presence of the hydroxyl group on the
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naphthol molecule results in an additional mode of interaction with the fiber surface (i.e.,
hydrogen-bonding), as suggested in the better fitting to a bi-Langmuir isotherm. The
orientation of the naphthol molecule on the surface would also limit the potential for
multilayering. Attempts to diagnose the existence of multilayering and surface
orientation via Raman spectroscopy were limited in terms of the overall sensitivity and
light scattering from the grooved fiber surfaces.
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CHAPTER THREE
STATIC METHOD FOR THE ADSORPTION OF NAPHTHALENE NAPHTHOL
ONTO PET C-CP FIBERS

Introduction
The preceding chapter described studies of the adsorption of naphthalene and
naphthol onto the PET C-CP fibers by the dynamic method. The removal of PAHs and
hydrophobic organic compounds (HOCs), however, are typically done on a large scale in
the wastewater of industrial plants in a continuous mode, by the static or batch method of
adsorption. Adsorption techniques typically employed in this industry are the static or
batch method. This method allows for the direct estimation of the kinetics of adsorption
in order to predict the rate at which the adsorbate is removed. The static method is still
widely used in literature for understanding, predicting, and evaluating potential
adsorbents for the successful removal of PAHs in industrial waste [62,65,66]. Polymer
adsorbents are becoming a more favorable alternative to activated carbons for the
removal of specific organic contaminants due to the versatility of chemical structures
[46].
The objective of this chapter is to continue the adsorption studies on the use of
polyester (PET) C-CP fiber columns for the extraction of naphthalene and naphthol from
aqueous solutions. Specifically, owing to their environmental and health concerns,
equilibrium data was collected and compared for the PAHs, naphthalene and naphthol.
These studies will focus on extending the adsorption time to evaluate the possibility of
slow adsorption kinetics discussed in the previous chapter. The adsorption time will be
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extended even further to evaluate the equilibrium adsorption characteristics. Specific
comparisons between the naphthalene and naphthol adsorption will be made for the
adsorption isotherm produced from the static adsorption method and as well as those
described in Chapter Two for the dynamic method. Attempts will be made to fit the
experimental data to typical isotherm models found in literature. It is believed that the CCP format provides a number of key advantages over typical adsorbent technologies in
the area of waste extraction. Studies of this type are necessary to better understand and
improve their application.

Experimental
Materials
The PET C-CP fibers used in the static and dynamic experiments were obtained
from Fiber Innovations Technology (Johnson City, TN). Fibers were collected in a
manner similar to previous publications [27,34] but were not prepared in column format.
In these experiments, 20 rotations were collected corresponding to 3760 fibers and a total
surface area of 0.17 m2 and place in 125 mL amber boston round bottles with septa caps
(Fisher Scientific, Fair Lawn, NJ).
Chemicals and Reagents
De-ionized (DI) water was used in the preparation of all solutions. ACS grade
acetonitrile (ACN) and isopropanol (IPA), which were purchased from Fisher Scientific,
were used to clean the fibers. Naphthol (Acros Organics, Fair Lawn, NJ) and
naphthalene (Baker, Phillipsburg, NJ) were dissolved in a 2 % methanol-water solution to
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allow for a larger solute concentration range, due to the low solubility of naphthalene in
water (~31 mg/L). ACS grade methanol was also purchased from Fisher Scientific.
Static Adsorption Experiments
Kinetic adsorption studies were carried out in triplicate, under ambient conditions
with a room temperature of 24 ± 1.0 °C. For the adsorption experiments of naphthalene
and naphthol; clean, dry adsorbent was added to 150 mL beakers followed by 100 mL of
a 20 ppm solution of the desired analyte topped with a watch glass and sealed with
parafilm. Beakers were sealed immediately and placed on a magnetic stirrer for up to 26
hours. Aliquots of the sample was analyzed every 3-5 minutes for the first 200 min, every
30 minutes up to 700 minutes, then ever 60 minutes up to 26 hours. The residual
concentration of analyte was then determined by a Thermo UV-Vis scanning absorbance
detector from 200 - 300 nm. The same beakers were emptied and washed with pure
mobile phase for preparation of desorption experiments. For desorption experiments, 100
mL of MeOH was added to the same beakers and again place on the stir plate for up to 8
hours. The data is presented in amounts adsorbed resulting from calibration curves at
λmax2 (276 and 293 nm for naphthalene and naphthol, respectively) due to non-linearity of

the calibration curves at λmax.
Equilibrium adsorption studies of naphthalene and naphthol were also carried out
in triplicate, under ambient with a room temperature of 24 ± 1.0 °C. For adsorption
clean, dry adsorbent was added to 125 mL amber boston round bottles with septa caps
followed by solutions of 100 mL of the desired analyte. Bottles were sealed immediately
and place on an orbital shaker at a speed of 290 rpm and shaken for up to 20 days (to
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ensure complete equilibrium), taking sample measurements every 12 to 24 hours. The
residual concentration of analyte was then determined by a Thermo Genesys 10uv
Scanning UV-Vis absorbance detector set at 276 and 293 nm (λmax2, to maintain linear
calibration curves across the analyzed concentration range) for naphthalene and naphthol,
respectively. The same bottles were emptied and washed with pure mobile phase for
preparation of the desorption experiments. For the desorption experiments, 100 mL of
ACN (a stronger eluting solvent than MeOH was used to ensure the greatest amount
desorbed) was added to the amber bottles and again place on the shaker for up to 10 days
with samples taken every 12 to 24 hours (preliminary data indicated equilibrium was
reach before 7 days).
Blanks were carried out for all steps (kinetic and equilibrium) of the adsorption
and desorption processes. Bottles (or beakers) of each desired analyte concentration
without fibers were used to subtract the amount adsorbed by the vessels. Due to the
increased time used in the equilibrium studies, bottles of pure mobile phase for
adsorption and desorption with clean, dry adsorbent to determine amount of leaching
from the fiber which may have contributed to the absorbance.
Isotherm Modeling
Isotherm results were computed and presented (from static and dynamic loading
experiments) using Excel and MATLAB (Natick, MA). Adsorption isotherm modeling
was obtained with user defined equations using MATLAB. The isotherms used in this
work were described in Chapter One.

52

Results and Discussion
The extent of adsorption onto the PET C-CP fibers with respect to time for both
naphthalene and naphthol can be seen in Fig. 3.1. Here it can see that naphthalene has a
greater affinity to the fiber surface than naphthol, which was also seen in Chapter Two.
This increased affinity resulted a six fold increase in the amount adsorbed for the static
method. This difference in naphthalene and naphthol adsorption is expected based on the
adsorption mechanisms predicted in Chapter Two. Further confirmation of the difference
in their adsorption can be seen in Fig. 3.2 where the adsorption of naphthalene appears to
be more rapid (sharper transition to plateau) than naphthol. Naphthol has a broader
approach to equilibrium (plateau) when compared to that of naphthalene. A closer look
at the kinetic process may shed light on this observed behavior.
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Figure 3.1. Static adsorption analysis of naphthalene and naphthol
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Adsorption Kinetics
The kinetics of the adsorption process reflects the solute uptake rate which
determines the time required for completing adsorption process. Therefore it is important
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Figure 3.2. Kinetic modeling of the static adsorption of a) naphthalene and b) naphthol.

to predict the rate at which the adsorbate is removed to ensure a complete equilibrium has
been reached. The typical kinetic models used are for porous adsorbents and therefore
normally consider both external and internal mass transfer to the adsorbent surface. The
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C-CP fibers are however non-porous, therefore internal mass transfer can be negated.
Since the adsorption process is based on the amount of adsorbent and adsorbate it is
assumed that the reaction order should be at least a second order or higher. Pseudoreaction orders are therefore used to determine the reaction order based on the
assumption that the concentration of adsorbent does not change during the adsorption
process. Kinetic expressions most commonly used to determine the adsorption onto a
surface are those described by the Lagergren pseudo-first-order and pseudo-second-order
equations [66,82,83].
The most commonly used pseudo-first-order rate expression is that defined by
Lagergren and can be written as [82]:

ln(q1 -q t )=ln(q1 )-k1t

(3.1)

or

log(q1 -q t )=log(q1 )-

k1
t
2.303

(3.2)

or

q t =q1 -e

(ln(q1 )-k1t)

(3.3)

where q1 and qt are the amounts of adsorbate adsorbed at equilibrium and time t,
respectively (mg/g), and k1 is the rate constant for a first-order adsorption (min-1). The
intercept of the straight line plots of log(q1-qt) against t should equal log(q1), for the
model to be a first-order reaction [83].
The pseudo-second order kinetics model can be expressed by the following
expression [66,83]:
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1
1
t
=
+
2
q t k 2q 2 q 2

(3.4)

or

qt =

t
1
1
t
=
+
2
q t k 2q 2 q 2

(3.5)

where q2 is the amount adsorbed at equilibrium and k2 is the rate constant is the
equilibrium rate constant for a pseudo-second order chemical adsorption (g/mg min).
Again the intercept of the straight line plots should equal q2, for the model to be valid.
The rate constants and equilibrium capacities of the kinetic models were calculated by
means of the non-linear regression fitting analysis. A comparison of the results can be
seen in Fig. 3.2 and are listed in Table 3.1 with correlation coefficients.
The correlation coefficients for both models are all above R2 = 0.9, but are best for the
pseudo-second-order equation for both naphthalene and naphthol. This can also be seen
in Fig. 3.2 where the pseudo-second-order fits the experimental data better (at both the
lower and higher amount adsorbed regions) than the pseudo-first-order equation. A
Table 3.1: Parameter and correlation coefficients of two kinetic models
Pseudo-first-order

R2

k1
(min-1)

q1
(mg/g)

Naphthalene

0.9789

0.0224

1.82

Naphthol

0.9501

0.0042

0.312

Pseudo-second-order

R2

k1
(g/mg min)

q2
(mg/g)

Naphthalene

0.9980

0.164

1.98

Naphthol

0.9734

0.0136

0.307
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pseudo-second-order reaction would imply a third order reaction mechanism with the rate
law written as:
d[P]
= k obs [A]1[B]2
dt

(3.6)

Based on the theory presented in Chapter Two for the multilayer adsorption we can
assume that the [B] (second order) is for the adsorbate and [A] (first order) is for the
adsorbent. Therefore the rate of the reaction increases exponentially with increase
adsorbate and linearly with increased adsorbent. This theory coincides the data presented
in Chapter Two (Tables 2.3a and 2.3b for naphthalene and naphthol, respectively) for the
exponential decrease in the stoichiometric point (Vs) as the adsorbate concentration.
In order to evaluate the efficiency of the adsorption-desorption process, the same
fibers where then immersed in 100 % methanol and monitored until equilibrium. The
amount desorbed for both naphthalene and naphthol per unit time can be seen in Fig. 3.3.
Looking at the plateau region one can estimate the desorption equilibrium to be
approximately 0.8 and 0.35 mg/g for naphthalene and naphthol, respectively. Comparing
these values to the equilibrium amounts calculated from the kinetic models, this gives a
desorption efficiency of 40 % and 95 % for naphthalene and naphthol, respectively.
Higher elution strength solvents were used (ACN, IPA) but resulted in only 1% increase
in the amount desorbed. The efficiency of the naphthalene desorption process seems
quite low, given that the efficiency for many solid phase extraction media is typically 60
% or above. This decrease in the efficiency may be due to irreversible binding or the
higher vapor pressure of naphthalene which may causes it to evaporate much faster than
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Figure 3.3. Static desorption analysis of naphthalene and naphthol

naphthol. The true adsorption equilibrium amount is therefore best to estimate with
closed vessels.
Static Equilibrium
A plot of the adsorption equilibrium data for naphthalene and naphthol in the
format of qe vs C0 creates an adsorption isotherm plot. Adsorption isotherms can give
more information on the mechanism of adsorption, but can also be used in a predictive
way to estimate the overall adsorption capacity of the adsorbent. Figures 3.4 and 3.5
shows a comparison of the dynamic adsorption seen in Chapter Two with the static
adsorption of naphthalene and naphthol, respectively. The static adsorption was
calculated based on the amount desorbed due to the changing of the solution over such
long periods of time (Fig. 3.6). Due to this constant decrease in the naphthalene solution,
calculated amounts adsorbed resulted in zero adsorption, therefore the best approximation
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Figure 3.4. Experimental equilibrium data for the static and dynamic adsorption of naphthalene.
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Figure 3.5. Experimental equilibrium data for the static and dynamic adsorption of naphthol.
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for the amount adsorbed to the surface would be the amount desorbed in the desorption
process.

Concentration in Solution (mg/L)
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Figure 3.6. Decreasing concentration of the blank naphthalene
solution over the course of 15 days.

The comparison of naphthalene adsorption with the influence of the amount
adsorbed at equilibrium (qe) with increasing concentration (C0) of the adsorbate can be
seen in Fig. 3.4. Here we can see the general trend of increasing qe with increased
concentration of the adsorbate. As seen in Chapter Two, the slower flow rate produced a
higher adsorption curve suggesting the influence of the slow mass transfer kinetics. It
would therefore be expected that the adsorption should increase when the static method is
used. This trend is however not seen in Fig. 3.4, instead the experimental static
adsorption shows an adsorption trend which lies between the two dynamic flow rates.
This observation may simply suggest irreproducibility between the fiber batches.
Irreproducibility (on the micro scale) is known for PET due to the complexity of the fiber
extrusion process. PET is characterized by being crystalline, semi-crystalline, and non-
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crystalline, with no set percentage. Any change in the environment during the extrusion
process can change the percentage of each characteristic. These slight changes can create
vast differences within the fiber spool which can therefore cause greater changes for the
affinity of an adsorbate to the surface. Lower crystallinity, means more end groups (See
figure 2.3 in Chapter Two) which can increase the ion exchange interactions (IEX) and
the hydrophilicity of the surface. This increased IEX could lead to a greater affinity if the
adsorbate has IEX abilities but the increase hydrophilicity would reduce the extent of
adsorption to the fiber surface.
The fibers used during the course of the dynamic adsorption were not changed
during any point in the study, where as new fibers were required for the static method
after each adsorption-desorption experiment. Therefore the only change in the fiber is
between the dynamic and the static adsorption. The reproducibility of the fiber batches
used in the static adsorption can be seen in the error bars on the static curve (Fig. 3.4), but
is not great enough to assume batch discrepancy. The difference would then be alone the
fiber spool where the dynamic method fibers were taken between the beginning and
middle of the fiber spool and the static method used up the remaining fibers. It can be
assumed that such a great difference in the fiber spool is possible with the complexity of
the PET fiber spinning process. However, another cause for the experimental adsorption
discrepancy could be due to the speed of the speed of the orbital shaker (290 rpm) during
the static adsorption which was not optimized based on adsorption, rather only used in
order to stir the fibers and maintain equilibrium of the solution. Therefore it could be
assumed some error is possible due to the velocity used in the static method. Although

61

the slower flow rate (0.5 mL/ min) for the dynamic method did not extend below 5 ppm,
it can still be seen it begins to converge with the static method. This may suggest that the
same process of adsorption is taken place at the lower concentrations and that the higher
concentrations experience even more complexity. This divergence of the static and
dynamic methods could also be in the basic technique of the methods where the dynamic
method has fresh solution delivered to the fiber allowing for more multilayers to adsorb
to the surface where the static method is limited to the amount in the solution. Similar
trends were discussed in numerous articles where there was inconsistency with short-term
and long-term adsorption isotherms [84-88]. However, the most likely cause of the
difference between the slow flow dynamic and the static methods may be due to the
calculated static method adsorption based on the amount desorbed. The best theory is
explained by Gamst et.al.[85] and Kan et.al [88] where the difference in the experimental
adsorption and desorption plots is proposed to be due to reversible and irreversible
adsorption. They explained the irreversible sorption is a consequence of interaction with
HOCs, which has a fixed maximum that is irreversibly bound to the adsorbent.
Therefore, the amount adsorbed based on desorption would show lower adsorption than
the calculated amount of adsorption based on the change in concentration of the initial
solution, as seen in Fig. 3.4. This irreversible binding was evident in the low efficiency
of only 40% for the naphthalene kinetic experiments.
The comparison of the naphthol adsorption can be seen in Fig 3.5. The static
desorption was not accomplished with as many data points due to limitations on fiber
quantity, but a some trend can still be seen. The static method showed an equilibrium
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adsorption far greater than that seen with the dynamic method and is approximately ten
times greater than the monolayer saturation estimated at approximation of 0.05-0.07
mg/g. The dynamic adsorption of naphthol seen in Chapter Two suggested little to no
multilayer formation but as can be assumed with the static desorption (Fig. 3.5)
mulitlayers are still possible. This suggests that at higher velocities, used during
adsorption, the probability of multilayering is low but given a large amount of time the
naphthol molecules could multilayer on the surface or they may could also dimerize in
solution prior to adsorption which may create the appearance of multilayers..
Isotherm Modeling
Adsorption modeling is used to give more information on the mechanism of
adsorption and to estimate the overall adsorption capacity of the adsorbent. A complete
analysis of the most commonly used models (discussed in Chapter One) can be seen in
Table 3.2 for both the naphthalene and naphthol experimental data. Negative values can
be seen throughout the table, indicating that these models do not sufficiently fit the
experimental data. The best fit for the naphthalene data is seen with a correlation of R2 =
0.973 for the Langmuir model. This model yields a capacity (qs) of 1.15 mg/g, which
agrees with the approach to equilibrium (plateau region) of the naphthalene data seen in
Fig. 3.4. This model suggests a single adsorption site, which based on multilayer
interactions could indicate pi-pi interactions as the sole interaction. The BET model,
however has a correlation of R2 = 0.970, which is not much below that of the Langmuir.
Although the bL (equilibrium constant for the adsorbate-adsorbate interaction) is reported
as negative, this good correlation with the BET model suggests that multilayers are
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Table 3.2: Non-linear regression analysis for static method of naphthalene and naphthol.
Isotherm
Model

Analyte

R2

qs1

qb1

Quadratic

Naphthalene

0.948

22.1

3.31

-32.0

Naphthol

0.965

16.0

3.34

-3.31

Naphthalene

0.973

1.15

125

Naphthol

0.956

1.33

44.1

Naphthalene

0.957

37.1

10.4

-58.0

5.29

Naphthol

0.956

-25.0

14.0

23.7

17.3

Isotherm
Model

Analyte

R2

qs1

qb1

I1

qs2

qb2

I2

Moreau

Naphthalene

0.953

15.7

4.91

-3.62

Naphthol

0.958

5.58

10.5

-1.32

Naphthalene

0.947

3.51

-2.89

-9.66

13.2

6.33

-0.63

Naphthol

0.962

-2.27

6.67

6.04

25.7

2.77

-3.81

Isotherm
Model

Analyte

R2

qs1

bs

bl

BET

Naphthalene

0.970

20.9

4.78

-25.0

Naphthol

0.953

185

0.335

-20.3

Langmuir

Bi-Langmuir

Bi-Moreau

qs2

qb2

possible with a capacity around 20 mg/g. Both models produced similar values seen in
Chapter Two (1.36, and 33 mg/g respectively), demonstrating the similarity of the slow
flow dynamic and static methods.
The correlation values for the naphthol data are slightly lower than those reported
for the naphthalene data, which may be due to the fewer experimental data points
collected for the naphthol equilibrium. The highest correlation (R2 = 0.965) is seen with
the quadratic model reporting a capacity of around 16 mg/g, similar to that reported with
the BET model for naphthalene. However, this model does report a negative value
suggesting that this is not the best model to use. The best correlation without negative
values is the Langmuir model with a capacity of 1.33 mg/g, similar to that reported for
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naphthalene with the same model and, as expected, far greater than that for the dynamic
naphthol. The kinetic terms in the Langmuir model for naphthalene and naphthol are
however significantly different. This suggests that although the capacity is similar the
adsorption process is quite different for these two compounds, similar to that discussed in
Chapter Two. However based on the model discussed in Chapter Two (Fig. 2.3c) there
could not feasibly be more that two layers for the naphthol adsorption. It is however
plausible that the interaction could merely be a hydrophobic interaction of the naphthol
molecule to the surface. Hydrophobic interactions are largely due to an order/disorder
phenomena in the surrounding solution [53]. If the adsorbate is highly hydrophobic this
would mean that the water molecules which surround (dissolve) the adsorbate creates
strain with the surrounding water molecules. To alleviate the strain the water molecules
push the adsorbate further away. The adsorbate eventually is pushed to the surface of the
adsorbent, where other adsorbate molecules may have already accumulated. This
closeness of the adsorbate molecules could intern cause adsorbate-adsorbate interactions
creating multilayers. This theory is more of a physical interaction (hydrophobicity of the
molecule) theory rather than specific intermolecular interaction with the adsorbent. This
could also explain the decrease in the naphthalene solutions over an extended period of
time where the naphthalene molecules accumulate together or on the surface of the
container, based on hydrophobic interactions, decreasing the probability of being detected
in the UV-Vis. This same theory would also explain the differences naphthalene and
naphthol adsorption, where naphthalene is more hydrophobic and therefore would
migrate more to the surface of the fiber than naphthol, being less hydrophobic.
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Conclusions
The static equilibrium method was performed in order to investigate the suggested slow
kinetics presented in Chapter Two. Naphthalene was far more retained on the PET C-CP
fiber by about a factor of six more than naphthol. The kinetic modeling for both
naphthalene and naphthol produced good correlations for the pseudo-second-order
mechanisms. Therefore, the rate of the reaction is third order increases exponentially
with increase adsorbate and linearly with increased adsorbent. Due to the change in the
blank solutions during the static equilibrium analysis it was concluded that the desorbed
amount would be best to represent the experimental equilibrium data. Similarity was
seen with the naphthalene static and slow flow dynamic equilibrium data, with a capacity
of ~20 mg/g and 1.2 mg/g reported from the BET and Langmuir modeling, respectively.
These values far exceeds monolayer adsorption (<0.1 mg/g) and further demonstrates the
multilayer adsorption mechanism. The greatest difference was seen with the naphthol
equilibrium data with an increase of approximately a factor of six more for the static
equilibrium and tens times the monolayer saturation, indicating the possibility of
multilayers. The proposed theory of adsorption is by means of hydrophobic interactions
(acting in a more globular sense) supporting the better correlations with the Langmuir
model regression analysis. The chapter demonstrates the great potential for increased
capacity of the C-CP fiber with multilayering adsorption.
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CHAPTER FOUR
LOADING CHARACRTERISTICS OF PROTEINS ON PET C-CP FIBERS AS
DETERMINED BY FRONTAL ANALYSIS

Introduction
Protein adsorption is a fundamental issue in many areas of medicine, biology,
food science, pharmaceutical processing, and material science. In biomedicine, protein
adsorption is of great importance. For example, understanding the mechanism of plasma
protein interactions with blood-containing devices (specifically in the activation of
coagulation and blood platelet adhesion) is crucial for the development of nonthrombogenic materials [89]. Proteins play a major role in the fouling of membrane and
heat exchange surfaces used for fractionation in the food and pharmaceutical industries
[89]. The process of protein adsorption to fiber and fabric is of concern to the textile and
consumer product industries for the development of non-staining fabrics and stain
removing chemicals, respectively. Protein adsorption to fabric and fibers is also a
growing interest to the military and civil defense sectors due to a greater risk of
biochemical warfare. Understanding the mechanism by which proteins interact with the
surface of fibers can pave the way to clothing that is resistant to biochemical warfare
agents or treated clothing that can de-activate a biochemical warfare agent.
Adsorption chromatography is an extensively utilized tool to determine the
loading capacity of adsorbents used in all forms of chromatography. It can be used to
determine the kinetic and thermodynamic properties of adsorption as well as to elucidate
the adsorption mechanism or mechanisms, as explained in Chapter One. There are
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numerous published studies on the adsorption of proteins on chromatographic adsorbents,
with the majority of studies utilizing bovine serum albumin (BSA) and lysozyme (Lys) as
model proteins [52,75,90,91]. BSA is a common protein found in whey extracts and Lys
is protein used in the food preservation and pharmaceutical industries.
This chapter describes the evaluation of protein loading characteristics on the
capillary-channeled polymer (C-CP) fibers. Described here are the results of the frontal
analysis (FA) studies of proteins on PET capillary-channeled polymer (C-CP) fiber
columns under previously optimized reversed-phase (RP) chromatographic conditions
(0.1% TFA in water)[30-32]. The separation of synthetic protein mixtures has been
extensively studied on the PET C-CP fibers however loading studies can provide a better
understanding of the separation process [30-33]. Breakthrough data was collected and
compared for bovine serum albumin (BSA) and lysozyme (Lys) under RP conditions
presented in previous works. The effects of flow rate and concentration on the frontal
profile, the breakthrough volume, and the equilibrium parameters were determined. Key
comparisons were also made to similar studies performed on commercial packed bed
sorbents. Such studies provide a better understanding of how these fibers function and
their potencial application advantages, as well as provide essential information on the
protein separation mechanism of the C-CP fibers.

Experimental
Column Preparation
The poly(ethylene-terephthalate) (PET) C-CP fibers were obtained from Fiber
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Innovations Technology (Johnson City, TN) and prepared in a manner similar to previous
publications and Chapters [30-32,34]. In this study, 2,820 fibers, corresponding to a
mass of 0.271g with an interstitial fraction of 54%, were pulled through a 150 mm long,
2.1 mm I.D. PEEK lined stainless steel column (Valco Instruments, Houston, TX).
Based on measurements of the fiber perimeter and the number of fibers in the column, the
specific surface area was 0.365 m2/g. At this point, no studies have been done to
optimize the interstitial fraction or column diameter for protein separations.
Chromatographic System and Operations
The chromatographic system consists of a Waters (Milford, MA) Model 717
autosampler, 600S Controller, 616 HPLC pump and Waters 996 photodiode array
detector at 280 nm. Data was collected by the Millennium 32 and Empower 2
Chromatography Manager and further processed and managed in Microsoft (Seattle,
WA) Excel files and MathCad 12 (Cambridge, MA). Isotherm experimental data is
presented with Excel
Chemicals and Reagents
ACS grade acetonitrile and isopropanol, which were purchased from Fisher
Scientific (Fair Lawn, NJ), were used to clean the column between subsequent
breakthrough analyses. Previous studies have showed optimum conditions for RP-HPLC
separations of proteins was with an aqueous phase (solvent A) composition of 0.1%
HPLC grade trifluoroacetic acid (TFA), therefore all test solutions were made under these
conditions [30-32]. BSA (MW ~67 kDa, 14 nm x 4 nm x 4 nm) and Lys (MW ~14 kDa,
5 nm x 3 nm x 3 nm ) were purchased from Sigma-Aldrich (Milwaukee, WI, USA) and
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all solutions were made up in DI water containing 0.1% HPLC grade TFA [53,90].
Protein solutions were used under ambient conditions (room temperature of 24 ± 1.0 °C)
and therefore fresh solutions were made daily. To verify solution stability, gel
electrophoresis was performed on the protein solutions at room temperature, suggesting
that the protein remained 95% intact after 5 days.
Frontal Analysis
Experimental data of Lys and BSA breakthrough curves were normalized and the
amount adsorbed was calculated as pervious described in Chapters One and Two.
Breakthrough curves were collected for protein concentrations of 0-5000 mg/L at 0.5-2.0
mL/min. The concentration range was chosen based on previously published values in
numerous articles dealing with protein adsorption, which is 25-5000 ppm [52,75,90,91].
Determinations of the effects of flow rate on analyte retention was carried out with Lys
and BSA concentrations of 2000 mg/L at flow rates of 0.5-3.0 mL/min (1.4 - 25.3 mm/s).
All data values presented here are the average of triplicate experiments with errors bars
representing one standard deviation.
Isotherm Modeling
Isotherm results were computed and presented using Microsoft Excel and
MATLAB (Natick, MA). Adsorption isotherm modeling was obtained from the frontal
analysis data and imported into MATLAB. User defined equations were employed for
fitting of the bi-Langmuir, quadratic, Moreau and BET isotherm models using MATLAB,
in the same manner as described in the previous Chapters. Isotherm modeling is
presented with MATLAB.
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Results and Discussion
UV-Vis Response Calibration
The values presented in any loading study correspond to quantitative values of
adsorption onto the stationary phase. In order to accurately calculate the adsorbed
amount, the optical absorbance data must be collected in the linear range of the UV-Vis
absorbance response for that solute. Shown in Fig 4.1 are the calibration curves for BSA
and Lys over the typical range of concentrations used in adsorption isotherm studies of
proteins [90,92]. Each concentration data point represents the average absorbance (AU)
value obtained over the range in flow rates (0.25-2.0 mL/min) at each concentration
value, with the standard deviation represented by the error bars. As illustrated in Fig. 4.1,
the absorbance values are invariant with flow rate and are very reproducible. BSA has a
3

2.5

AU @ 280 nm

2

1.5
BSA

1

Lys

0.5

0
0

1000

2000

3000

4000

5000

Concentration (mg/L)

Figure 4.1. Calibration curves of the UV-Vis response with increasing concentration of protein.
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fairly linear calibration curve with an R2 of 0.996 for 25-5000 mg/L; Lys, however, is
linear only up to ~1500 mg/L. While most studies of the adsorption of proteins [90,91]
are done with a larger concentration range , the calibration curve for Lys shows that any
measurements made above ~2000 mg/L will not give accurate quantitative data.
Therefore the concentration range for Lys is limited to 1500 mg/L throughout the loading
studies, while BSA binding can be studied across the full concentration range, up to 5000
mg/L.
Effect of Flow Rate on Breakthrough Curves
Adsorption kinetics can influence the amount adsorbed to the stationary phase as
a function of the fluid velocity. As long as the mass transfer kinetics are sufficiently fast,
an increased flow can reduce the time required to reach the equilibrium binding situation,
therefore compressing the transition zone to produce sharper fronts. However, greatly
increasing the flow rate can limit the adsorption process by limiting diffusion to the
surface in the time frame of the column transit. Additionally, at higher linear velocities,
the shear force of the liquid across the surface may hinder the adsorption of the analyte to
the adsorbent. These effects cause the analyte concentration to begin to breakthrough the
column at shorter times, followed by a broadening of the transition zone [43].
The dispersion of the transition zone is also controlled by the adsorption kinetics,
causing a compression of the transition zone as the flow rate increases. This compression
effect is due to the decreases in the interaction between the analyte and the adsorbent
[43], which can be observed in the breakthrough curves of BSA and Lys (Figs. 4.2a and
b, respectively) obtained at a solute concentration of 1000 mg/L with flow rates of 0.25-
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3.0 mL/min (equating to 1.4 - 25.3 mm/s). These linear velocities are much higher than
those commonly used in commercial columns, which typically do not exceed 6 mm/s.
The slope of the transition zone generally increases as the flow rate increases for both
proteins (with the only exception of BSA at 3.0 mL/min). This trend is the opposite to
what is reported in previously published studies of protein breakthrough curves on porous
a)

Φ (Ce/C0)

b)

0.25 mL/min
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1.0 mL/min
1
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0
0

0
0
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16
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Number of Bed Volumes (BV)

Figure 4.2. Breakthrough curves of a) BSA, 2000 ppm and b) Lys, 2000ppm at varing flow
rates of 0.25-3.0 mL/min.

polymeric stationary phases, where the slope of the transition decreases as the flow rate
increases [93]. This contradiction is mainly due to the non-porous nature of the C-CP
fibers, which eliminates the necessity of diffusion of the adsorbate into a pore structure
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before immobilization. The change of increased slope at the highest flow rate for BSA
may indicate the flow rate maximum of the system. These characteristics demonstrate
the stability of the adsorption kinetics on PET C-CP fiber columns over a very large
range of flow rates.
The breakthrough curves for BSA and Lys (Figs. 4.2a and b, respectively) are
slightly different from each other. BSA has a sharp breakthrough zone (Φ = 0 - 0.05)
with a broad approach to equilibrium. Broadening begins to increase at the highest flow
rate of 3.0 mL/min. Lys has a broader breakthrough zone but with an overall narrower
(sharper) transition zone than the BSA breakthrough curves. The Lys curves are more
symmetrical than the BSA curves due to the sharper transition zone to equilibrium and
the broadening (rounding) of the BSA curves as they approach equilibrium. The major
difference in the breakthrough curves is seen at the highest flow rate (3.0 mL/min), where
the transition zone broadens for BSA but narrows for Lys. This difference may suggest
that the adsorption mechanism could be different for the two proteins.
Interestingly, an inflection or “kink” toward a lower slope can be seen just below
50% saturation for both the BSA and Lys breakthrough curves at the flow rates of 0.5-2.0
mL/min. This point reflects a change in the adsorption process possibly to a more
complex adsorption mechanism. This inflection has been observed by some researchers
at about half saturation for protein adsorption [94]. Andrade and Hlady further discussed
this phenomenon described by researchers and attributed this to several factors including
protein conformational changes, rearrangement of surface adsorption leading to more
order and better protein packing, or the onset of irreversible adsorption [94].
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The calculated characteristics for the breakthrough curves of BSA and Lys are
shown in Tables 4.1 and 4.2, respectively. The adsorption characteristics for each flow
rate were done in triplicate, with the standard deviation shown in the table next to the
corresponding calculated value. In the initial case, the stoichiometric volumes (Vs) and
the amount adsorbed at equilibrium (qe), for BSA have little variation (~4 % RSD) at the
flow rates of up to 3.0 mL/min. Lys, however has more variation (~14% RSD), but with
Table 4.1: Effect of flow rate on the equilibrium characteristics for
BSA at 1000 mg/L
Flow Rate
(mL/min)

Linear
Velocity
(mm/s)

Vs
(BV)

STDV

qe
(mg/g)

STDV

0.25

1.4

2.36

0.02

8.00

0.05

0.5

2.7

2.23

<0.01

7.56

<0.01

1

10.9

2.17

0.04

7.38

0.12

2

19.3

2.39

0.08

8.28

0.28

3

25.3

2.33

0.06

7.92

0.21

AVG

2.30

7.83

STDV

0.09

0.36

% RSD

4.0

4.57

Table 4.2: Effect of flow rate on the equilibrium characteristics for
Lys at 1000 mg/L
Flow Rate
(mL/min)

Linear
Velocity
(mm/s)

Vs
(BV)

STDV

qe
(mg/g)

STDV

0.25

1.4

2.83

0.20

9.61

0.69

0.5

2.7

2.80

0.13

9.49

0.47

1

10.9

2.68

0.19

9.10

0.65

2

19.3

2.50

0.14

9.30

0.28

3

25.3

1.96

<0.01

6.64

<0.01

AVG

2.55

8.83

STDV

0.364

1.24

% RSD

14

14
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the exclusion of the higher flow rate of 3.0 mL/min the RSD decreases to precision
similar to BSA. Even so, this small variation in the Vs across a factor of 12x velocity
change supports the thermodynamic stability of the stoichiometric point and supports the
saturation estimation calculations, as well as demonstrates the independence of the mass
transfer kinetics on flow rate [40]. Further investigations into the effect of flow rate with
a larger flow range and other proteins of varying molecular weights (diffusion
characteristics) can help to substantiate this behavior.
Effect of Adsorbate Concentration and Flow Rate on the Adsorption Characteristics
The thermodynamic stability of the adsorption process is crucial to the design of
process-level separations. The thermodynamic stability was demonstrated at protein
concentrations of 1000 mg/L for both BSA and Lys with a range of flow rates (0.25-2.0
mL/min) (Table 4.1 and 4.2), but to accurately describe the mechanism of adsorption the
stability over a range of concentrations must be investigated. The amount of protein
adsorbed onto the PET C-CP column for BSA concentrations of 25-5000 mg/L and Lys
concentrations of 5-2000 mg/L is given in Table 4.3 and 4.4 for flow rates of 0.25-2.0
mL/min.
Table 4.3 presents the data for the variations in the qe as a function of flow rate
and concentration of BSA. Here we can be observed that the variations of qe are fairly
small across the flow range, similar to that seen in Table 1 for the effect of flow on the
2000 ppm BSA. The calculated variability in loading does not exceed an RSD of 8% for
any of the concentrations, with an average value of ~3%. It is clear from this data that
the adsorption kinetics were maintained across the range of flow rates studied. Table 4.4
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shows the same general trend for the Lys with an average variability of ~10% RSD;
however, at the lower end of the concentration range the effect of flow rate on qe led to
larger amounts of variability. The generally small variations across the flow rate at the
majority of the concentration values indicates that the process of adsorption is not
dependent on the mass transfer kinetics and is kinetically and thermodynamically stable
[40]. It can also be seen in both Tables 4.3 and 4.4 that as the concentration of the
protein increase so does the amount of adsorption at equilibrium (qe), which is as
expected for a favorable adsorption system [44]. Also seen is that the amount adsorbed
for BSA is smaller (~40%) than that for Lys, for those concentrations that they have in
common, perhaps due to the larger molecular size [95] or hydrophobicity [92]of BSA.
This observation, also seen by other researchers is suggests that the role of the adsorbate
size plays a role in the amount adsorption at equilibrium [95]. A better comparison of
any trends in the experimental data can be made when looking at the adsorption isotherm
plots.
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Table 4.3: Effect of flow rate and concentration on the amount adsorbed at
equilibrium (qe) for BSA
Flow Rate
(mL/min)

Concentration
in the Influent
(mg/L)

0.25

25

0.29

0.30

0.26

50

0.39

0.37

100

0.56

250

STDV

% RSD

0.25

0.02

7.84

0.35

0.34

0.02

5.94

0.55

0.50

0.51

0.03

5.36

1.11

1.06

1.05

1.11

0.03

3.08

500

1.95

1.98

1.96

1.99

0.02

0.86

1000

3.83

3.86

3.67

3.94

0.11

2.94

1500

5.75

5.67

5.47

5.78

0.14

2.43

2000

7.99

7.56

7.38

8.12

0.35

4.49

2500

9.72

9.69

9.28

9.84

0.24

2.55

3000

11.6

11.4

10.8

11.4

0.35

3.13

4000

15.1

15.0

14.4

15.1

0.32

2.12

5000

18.9

18.5

17.4

18.9

0.26

1.76

0.5

1.0

2.0

Amount adsorbed at equilibrium
(qe, mg/g)

Table 4.4: Effect of flow rate and concentration on the amount adsorbed at
equilibrium (qe) for Lys
Flow Rate
(mL/min)

Concentrati
on in the
Influent
(mg/L)

0.25

5

0.31

0.25

0.22

15

0.48

0.41

25

0.33

50

2.0

STDV

% RSD

0.18

0.057

24

0.52

0.26

0.12

28

0.33

0.33

0.33

0.00

1

0.48

0.52

0.44

0.48

0.03

7

100

1.26

1.01

0.88

0.80

0.20

21

250

1.36

1.37

1.23

1.63

0.17

12

500

2.67

2.29

2.15

2.32

0.22

9

1000

6.08

5.73

5.66

5.21

0.36

6

1500

9.31

8.41

7.56

7.75

0.79

10

0.5

1.0

Amount adsorbed at equilibrium
(qe, mg/g)
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Adsorption Isotherm Modeling
Plotting the adsorption data from Tables 4.3 and 4.4 in the format of qe vs C0
creates adsorption isotherm plots, seen in Figs. 4.3a and 4.4a, for BSA and Lys
respectively. Adsorption isotherms can provide insight into the mechanism of
adsorption, but can also be used in a predictive way to estimate the overall adsorption
capacity of the stationary phase. As expected from the data presented in Tables 4.3 and
4.4, the adsorption isotherms in Figs 4a and 5a show an increasing trend in qe with
increased adsorbate concentration (C0). The BSA isotherm (Fig. 4.3a) remains mostly
linear across the concentration range, covering a factor of 200 with 12 concentration
values. The Lys isotherm, seen in Figure 4.4a, has some S-shape character as seen in the
expanded region but could arguably be linear. It is important to note again that there is
relatively no fluctuation in the shape of the adsorption plots with increased flow rate.
Fitting the BSA and Lys isotherms to a linear regression resulted in correlations of R2 =
0.999 and R2 = 0.98, respectively. This regression further confirms the linear behavior
seen for BSA in Fig 4.3a, as well as the non-linear behavior of Lys illustrated in Fig.
4.4a. Although the linear regression gives a fairly good fit for both BSA and Lys it is
best to evaluate other possible adsorption models by looking at the Scatchard plots. The
Scatchard plots (Chapter One) represented by qe/C0 vs. qe, as can be seen in Figs 4.3b and
4.4b for the proteins BSA and Lys, respectively. The ultimate goal of a Scatchard plot is
to narrow down the possible adsorption models among the many published theories.
Non-linear regression is then used to create a mathematical function that fits the isotherm
data that will suggest a possible adsorption mechanism.
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The Scatchard plots of BSA and Lys (Figs 4.3b and 4.4b, respectively) have a
general curvature of convex downward , which indicates the existence of two or more
adsorption sites or domains [96]. The most common heterogeneous isotherm model is
the bi-Langmuir model, presented in Chapter One. Fitting BSA and Lys isotherm data to
a bi-Langmuir model produced reasonable fits which can be seen in Figs. 4.5a and 4.6a,
respectively. It can clearly be seen that the bi-Langmuir model follows very well with
the BSA data (Fig. 4.5a) however; this is not observed with the Lys experimental data
(Fig. 4.6a). In fact, it can be clearly seen that the Lys experimental data appears Sshaped. This S-shaped character is implicit of a more complex adsorption mechanism,
which may involve several adsorption mechanisms including the possibility of adsorbateadsorbate interaction. The most common isotherm models used for S-shaped isotherms
are the Moreau, b-Moreau, and BET. As can be seen in Fig 4.6, neither of these
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Figure 4.3. a) Adsorption isotherm of BSA at 0.25-2.0 mL/min. The points represent the
experimental data from the breakthrough curves at different concentrations in the influent and
b) their representative Scatchard plots.
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Figure 4.4. a) Adsorption isotherm of Lys at 0.25-2.0 mL/min. The points represent the
experimental data from the breakthrough curves at different concentrations in the
influent, b) expanded view (0-500ppm) of the Lys isotherm b) enlargement of isotherm
in (a), and b) the representative Scatchard plot.
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Figure 4.5. The isotherm regression analysis of BSA with the a) bi-Langmuir b) quadratic c)
Moreau d) bi-Moreau, and e) BET model.
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Figure 4.6. The isotherm regression analysis of Lys with the a) bi-Langmuir b) quadratic c)
Moreau d) bi-Moreau, and e) BET model
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commonly used models fit the S-shaped curvature of the Lys data. The best fit for the
Lys data is seen with the quadratic model shown in Fig 4.6b. Here, it can be seen that the
quadratic model begins to compensate for the S-shape character of the Lys data, where
the bi-Langmuir model remains convex upward. The quadratic fit, however, shows an
initial slope of convex downward which does not follow the initial onset of the data and,
therefore, does not accurately predict the isotherm data but provides a good function to
start with. The quadratic model (Chapter One) is a three-parameter equation which has
roots to many other isotherm models (Langmuir, bi-Langmuir, etc.). These parameters
can, therefore, have various physical meanings when the quadratic model is derived on
the basis of different adsorption behaviors [44,97]. Based on statistical thermodynamics
the derivation of an isotherm can be written as the ratio of two polynomials of the same
degree [97]. The first order isotherm derived in this way would give the Langmuir
isotherm, and higher order isotherms (which include a more complex adsorption process)
would employ models that include a parameter for the interaction between two adsorbed
molecules [97]. This different derivation still produces the same quadratic isotherm seen
in Chapter One but with the only difference in the meaning of b2, being the effect of
interaction between the adjacent adsorbed molecules [97,98]. Based on this assumption it
can be assumed that the adsorption taken place on the fibers is heterogeneous with the
first interaction being the adsorption to the surface and the second interaction being the
adsorbate-adsorbate interactions between adjacent adsorbed Lys proteins.
A slightly different equation is produced for a quadratic model assuming a
multilayering process leading to Eq 4.1[44,97]:
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b1C + 2b1b 2C 2
q = qS
(1 + b1C )

Eq 4.1

where qS and b1 have the same meaning as with the Langmuir and bi-Langmuir models,
and b2 is a measure of the adsorption rate in the second and subsequent layers [44].
Fitting this slightly different quadratic equation to the Lys data, however, gives a linear
line which does not follow the S-shape. This new equation does however lower the
monolayer capacity (qS) from ~120 to approximately 9 mg/g. It is this vast complexity of
the quadratic model which explains the better fitting of the model to the data.
The regression results for the bi-Langmuir fits of BSA are presented in Table 4.5
where it can be seen that some of the saturation values (qs) are negative indicating that
this function does not fit the experimental data. Excluding the 0.5 mL/min flow rate (due
to negative values,) the averaged (over the flow rates) monolayer capacity for BSA is ~22
and ~59 mg/g (for the two sites qS1 and qS2, respectively)with the kinetic terms, b1 and b2,
being similar. Table 4.5 also shows the results from the regression analysis of a quadratic
model which also produces a good fit for both BSA and yielding capacities of ~50 mg/g
and, but the overall trend (relatively unchanged) does not seem to fit the data presented in
Table 4.3. Looking at the fit of the bi-Langmuir and quadratic models to the
experimental data (Fig 4.5a and b, respectively), it can be seen that there is relatively no
difference for the BSA data to the quadratic model versus the bi-Langmuir model
(expected by the similar R2 values). The correlation with both models does however
suggest that the adsorption is heterogeneous, having two adsorption sites on the fiber
surface. The two interactions considered to significantly control protein adsorption are
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hydrophobic and electrostatic in nature [99,100]. The solvent in this study (0.1% TFA in
water) acts to increase the hydrophobic nature of the solvent therefore increasing the
hydrophobic domains exposed on the surface of the protein structure. Being that the pH
Table 4.5: Isotherm modeling parameters for bi-Langmuir and quadratic fitting
Protein

Isotherm
Model

BiLangmuir
BSA

Quadratic

Flow rate
(mL/min)

R2

qs1

b1

qs2

b2

0.25

0.9995

24.27

0.0127

67.78

0.0137

0.5

0.9995

72.17

0.0464

-19.99

-0.0444

1

0.9995

11.14

0.0198

76.59

0.0213

2

0.9994

32.92

0.0110

32.69

0.0108

0.25

0.9995

72.26

0.0538

0.0016

0.5

0.9996

61.51

0.0623

0.0023

1

0.9996

45.67

0.0784

0.0045

2

0.9882

25.24

0.1325

0.0262

of the solvent is quite low at pH = 2 this would then make the proteins positively charged
and the PET surface neutral. This further supports adsorption mechanism is due to
hydrophobic interactions.
Looking at the experimental isotherm for BSA shows a linear trend with the
capacity greater than 18 mg/g, while Lys capacity can be estimated by the plateau region
in the experimental isotherm data (Fig. 4.4a) at ~10 mg/g. These capacities, as well as
the similarity between the capacities across the flow range, for BSA and Lys do not agree
with the capacities calculated using either model (bi-Langmuir or quadratic). These
values are also quite high when compared to the theoretical saturation (space filling
model) based on the estimated surface area and a monolayer of saturation, which is
calculated to be approximately 1 mg/g for both proteins. The most plausible explanation
for this over saturation is that the proteins participate in a multilayering process on the
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surface of the fiber. The traditional multilayer models (BET, Moreau), however, do not
fit well with the data indicating that the adsorption taking place is more complex that the
available models. The quadratic model does however fit both protein adsorption data
which also indicates the complex nature of the adsorption and could support the
multilayer theory (as explained for the Lys data).
Protein multilayering is common place at air-water interfaces, but is not widely
seen in solid-liquid reversible adsorption studies [89]. Nakamura and co-workers
discovered the same phenomena when they studied the adsorption of BSA onto sirasu
porous glass (SPG) membranes [90,101,102]. They noticed that the amount adsorbed
increased beyond monolayer saturation under the dynamic adsorption conditions due to
the convection caused by the fluid motion. They also determined that under the dynamic
adsorption conditions there existed two adsorption processes; a primary adsorption
process which is the initial adsorption of the protein to the surface, followed by a second
adsorption process which involves the multilayering of the protein on top of the already
adsorbed proteins. This theory of protein multilayering due to convection could explain
the greater amounts adsorbed in the experiments over monolayer saturation.
An AFM image of a dried PET C-CP fiber after the adsorption of protein from
aqueous solution onto the surface of the fiber is shown in Fig 4.7. Here it can be seen the
surface of the fiber (Fig 4.7a) and the brighter globular structures are the proteins on the
surface (Fig 4.7b-d). It became apparent during the AFM study that the adsorption of the
protein consisted of three regions. Three representative images were chosen to depict
these regions which showed higher protein density (Fig. 4.7b-c), low protein density (Fig.

88

4.7d), and no protein adsorption (Fig. 4.7c). This variation in the images suggests that
the adsorption process is not uniform (assuming protein migration has not taken place)
but rather the adsorption appears to cluster on certain areas suggesting an island growth
process of protein multilayering. A single protein molecule is approximately 10 nm in
a)

b)

1.0µm
c)

d)

Lysozyme rich
area

Lysozyme poor
area

Figure 4.7. AFM image of a PET C-CP fiber after the adsorption of protein from the aqueous
solution a) before adsorption PET fiber, b) BSA adsorption, c) Lys adsorption, showing region
of high protein density and no protein density, and d) regions of low protein density

size [53], but the globular structures seen in Fig. 4.7 are >600 nm. This supports the
theory of multilayering on the surface due to protein-protein interactions. A closer look
at the isotherm data of Lys in Fig 4.4a suggests a layering process by the S-shape
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curvature, which can be seen at the initial plateau region around 1-2 mg/g (shown in the
expanded area), and a second plateau around 9-10 mg/g.
Fitting the experimental isotherm data to models that incorporate S-shape
curvature, multilayering, and/or adsorbate-adsorbate interactions should produce better
fits for this system. Figures 4.5c-e and 4.6c-e show the regression plots using the Moreau,
bi-Moreau, and BET models fitted to the experimental data for BSA and Lys,
respectively. The results from the fitting of the Moreau, bi-Moreau, and BET model can
be seen in Tables 4.6 for BSA. The Moreau model (Chapter One) incorporates the I-term
which is supposed to account for adsorbate-adsorbate interactions. The Moreau model
fits the BSA data very well with a correlation of >0.999, with better agreement (among
the flow range) of the kinetic terms than seen with the quadratic and bi- Langmuir
models. The Moreau regression for the Lys data gave a better correlation than any of the
other models used giving resulting in a capacity around 35 mg/g, however it can be seen
Table 4.6: Isotherm modeling parameters for Moreau, bi-Moreau, and BET fitting
Protein

Isotherm
Model

Moreau

BSA

BiMoreau

BET

Flow rate
(mL/min)

R2

qs1

b1

I1

0.25

0.9995

89.44

0.0432

2.342

qs2

b2

I2

0.5

0.9996

76.70

0.0492

2.458

1.0

0.9996

67.57

0.0543

2.301

2.0

0.9994

106.7

0.0369

2.039

0.25

0.9940

16.76

0.5542

2.165

-15.46

0.4411

-0.6104

0.5

0.9978

19.41

0.2316

4.548

-18.24

0.1461

-1.891

1.0

0.9990

16.66

0.1497

4.260

-19.14

-0.0342

-1.531

2.0

0.8284

18.54

0.6232

0.4092

-19.48

0.9958

-0.5510

R2

qs1

bs

bl

0.25

0.9930

14.86

0.3399

0.0828

0.5

0.9994

34.64

0.1159

0.0429

1.0

0.9982

15.76

0.2815

0.0748

2.0

0.9983

15.02

0.3398

0.0818
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that there is relatively no difference in the better fitting in Fig. 4.6d. The bi-Moreau
appears to fit the BSA, but not quite as well as any of the previous models. In addition,
the second adsorption (qs2) site gives negative terms indicating that the model does not fit
the data correctly. The BET modeling (Table 4.6) also shows a good fit for the BSA but
again not as good as the Moreau modeling. As seen with the bi-Langmuir and quadratic
models, all of the monolayer saturation values (qs) reported for the Moreau, bi-Moreau,
and BET models are beyond theoretical saturation on the fiber stationary phase surface.
This further supports the theory of multilayers but since the meaning of the saturation
capacity (qS) is for the monolayer saturation, the correct model to fit the system has yet to
be found. However based on the experimental observations and previous research by
others a possible theory of the adsorption mechanism can still be made.
Protein multilayers were also reported by Gao et al [103] (briefly explained
above) for the BSA adsorption on Streamline Direct HST (a derivatized porous silica
column used for protein purification), and Rezwan et al [104] for the BSA adsorption
onto Al2O3 particles. The researchers modeled the surface potentials and electrostatic
potential isocurves of BSA and found three regions of dominant charge (Fig 4.8) (two
regions of negative and one of positive charge). Electrostatic repulsion conditions were
then used in order to investigate the extent of adsorption and the mass of protein adsorbed
was determined by using UV-Vis spectroscopy. If the protein multilayering was based
solely on hydrophobic interactions then the adsorption would increase with increased
buffer concentration, however the researchers found that the extent of adsorption
decreased under high salt concentrations due to shielding of electrostatic interactions.
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Due to the studies by DeBoer and Zwikker [105] (which described the protein
multilayering process based on induced dipoles on electrical polarization on solid polar
surfaces), the researchers then proposed that the mechanism for protein multilayers was
due to the specific protein orientations on the surface of the adsorbent which allows for
electrostatic interactions between the proteins creating dimers (Fig 4.8). The
experimental conditions here are, the mobile phase is 0.1% TFA, which reduces the pH
substantially to ~2. This low pH would result in the protein being positively charged and
the surface of the fiber having a neutral net charged. The primary driving force of
adsorption onto the fiber would then, most likely, be hydrophobic interaction. However,
based on the findings described above, a second process, protein orientation, could also
be occurring. The protein could orient itself during adsorption where the negative region
was towards the surface of the adsorbent, leaving the region of positive charge open to
interact with another protein molecule (Fig 4.8). Therefore the process of adsorption may
be due to both hydrophobic (primary adsorption) and electrostatic interactions (protein
orientation and protein-protein interaction creating multilayers) [103]. This theory could
explain the multilayering seen in the experimental data presented here as well as the
better fitting of the data to the bi-Langmuir and quadratic model. The pH of the 0.1%
TFA in water is very low (pH = 2) and may denature some or all of the protein.
Denatured proteins can aggregate in solution and then the adsorption to the surface would
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Figure 4.8. Proposed adsorption mechanism. During the initial adsorption the protein orients
itself so the negative regions of the protein are towards the surface. Subsequently, this allows
for dimers to be created by protein-protein electrostatic interaction. Domains consistent with
BSA 3-D structure [96].

be due to protein aggregation and none of the adsorption isotherm models presented
could explain this interaction.
Protein Adsorption onto Biomedical Devices
Protein adsorption at the solid-liquid interface has been studied by a variety of
techniques since the 1970’s [106]. Although not considered a common observation under
equilibrium adsorption studies, the mulitlayering of proteins and cells has widely been
observed in adsorption studies on biomedical devices (PET, PE, silicon, stainless steel,
etc.). The extent of the layering can however vary significantly depending on the surface
and solvents [99,100] of choice as well as the adsorption scheme, whether carried out
under static or flow conditions [90,99]. Studies of the mechanism of protein adsorption
are typically carried out by spectrophotometry (i.e., UV-Vis) after adsorption on many
different surfaces. This is the simplest technique to investigate the many surface changes
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which then can help determine the extent of protein interaction with the surface as well as
protein-protein interactions. Several techniques are currently available to elucidate the
mechanism of protein adsorption, typically employing a flow cell (containing the medical
device material) and a biosensor for detection. Two basic sensors exist; those that
monitor the refractive index and those that monitor fluorescence [107-109]. One of the
best techniques to monitor the protein multilayering process was developed by Grandin
and co-workers [107], where the researchers employed a waveguide excitation
fluorescence microscope. This technique combined both the sensing power as well as
imaging in order to observe the protein multilayering process onto derivatized
waveguides.
This multilayering process has been described and depicted in many articles
[90,100,107,110]. It is believed by these researchers that the process of adsorption of the
first layer of protein to the surface may be vastly different than the intramolecular
interactions of the proteins (depending on the surface interactions present) [100]. What is
clear is that high protein concentrations which provide greater than 50% saturation
provide a higher possibility for the presence of protein multilayers. Also observed is that
the protein multilayering process is believed to be more uniform rather than simply a high
density of closely packed protein aggregates on the surface [111]. This uniformity has
been seen with proteins and peptides creating staggered layers which overlap, where the
center portion of one molecule interacts with the terminal region of the neighboring
molecule [111,112].
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The generally accepted mechanism of protein adsorption onto polymer medical
devices suggests that adsorption to the surface is due to a combination of interactions
including hydrophobic, electrostatic, and hydrogen bonding [113-116]. Hydrophobic
interactions have been considered the major factor influencing protein adsorption, where
increasing the hydrophobic nature will result in an increase in the amount adsorbed
[100,114]. Later research supported that electrostatic contributions played a key role in
protein adsorption [117]. In more recent years researchers have found that simply
changing the hydrophobic nature [113,115,118] or the electrostatic interactions [114,116]
of the surface was found to not necessarily change the amount adsorbed to the surface.
Among the vast amount of research available it can clearly be seen that the adsorption
process is much more complex than for small molecules, controlled by a combination of
many factors. This complex adsorption process also makes it very difficult to create
models to predict the adsorption mechanism. Researchers in biomedical devices are
interested in the extent of adsorption in concentrations corresponding to body fluids (i.e.,
6-7 g/L of total protein and 30-50 mg/L of BSA in blood plasma [119,120]), therefore the
effect of concentration on adsorption is not typically investigated, and isotherm plots are
not created (which vary with increasing concentration). These studies however shed light
on the mechanism of protein adsorption on the surface as well as any protein-protein
interactions. Depending on the experimental conditions one mechanism may dominate
but it is a combination of interactions that promotes protein adsorption and determines
the mechanism of protein-protein interactions.
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The studies by Woodhouse et al. [114] involved the adsorption of bulk
polypeptides from buffered solutions onto various polymer biomedical materials
including a PET surface, MylarTM. They found that increasing the hydrophobic nature of
the solvent (by increasing salt concentration) would increase the amount of hydrophobic
domains present on the surface of the protein and would increase the amount of protein
adsorbed. They also found that the greater the percentage of denatured proteins the
greater the amount of protein adsorption and subsequent multilayers on the surface.
Therefore they suggested that the multilayering process on the surface of the polymer
devices is due to the self-aggregation due to the interactions of the hydrophobic domains
of the protein. The major interaction of the protein with the surface is via hydrophobic
interaction and with the assumption above it can be assumed that the adsorbate-adsorbate
interaction for multilayers seen here are also the result of hydrophobic interactions. This
is further supported by the good correlation of the quadratic model with both proteins
indicating two types of interactions, in this case the first would be the initial adsorption
and the second would be the adsorbate-adsorbate interactions (possibly due to the
electrostatics as seen in Fig 4.8).
The difficulties of modeling proteins to conventional adsorption models has been
discussed in many publications [94,121-124]. The vast complex nature of the proteins,
having many characteristic adsorption domains, has made fitting experimental adsorption
data to isotherm models very difficult. The protein’s tertiary structure is not rigid but
rather flexible and able to re-orient depending on solvent conditions (as already discussed
above), as well as after adsorption. Many studies have shown that under both reversible
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and irreversible conditions proteins re-orient or slightly denature after adsorption onto
solid surfaces [94,125]. The degree of these conformational effects can be affected by
the affinity to the adsorbent surface, duration of adsorption on the surface, flow rate
(shear rate), concentration of protein, and solvent characteristics [94,126]. These
conformational effects have vastly complicated modeling the adsorption process of
proteins. Under irreversible adsorption conditions proteins have shown to have more
conformational changes after adsorption due to the higher affinity of the protein to the
adsorbent surface [126]. Although most conformational effects are typically reversible
following desorption [124,126], the problem associated with these conformational
changes is the effect it has on the desorption process. Non-adsorbed proteins may have a
higher affinity to these adsorbed proteins, creating protein dimers or multilayers. This
theory has been discussed by researchers to describe the fouling of polymer medical
devises [90,102] and may be the mechanism of the protein mulitlayering proposed in this
study.
Other difficulties with protein modeling deal with the hydrodynamics during the
adsorption process. The effects of the hydrodynamic forces on adsorption have been
known to affect the adsorption kinetics and thermodynamics [94,121,127]. Intuitively it
can be understood that stronger hydrodynamic forces oppose adsorption forces, which
can dislodge previously adsorbed molecules and hinder or prevent adsorption of
molecules to the surface. Alternately some have also showed the high shear flows
parallel to the surface increase the mass transfer rates, therefore increasing the rate of
adsorption [121,127]. This phenomenon is typically seen with more complex surfaces
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(heterogeneous), such as many polymers used in the biochemical field [121-123,128].
During this phenomenon the particle adsorption kinetics are sensitive to the surface
composition and as surfaces are substantially more attractive the flow can enhance the
adsorption through mass transfer [121,127]. These hydrodynamic considerations make
fitting the experimental data to theoretical models much more difficult. Most theoretical
models assume adsorption is reversible, is independent of mass transfer, and therefore is
controlled by the adsorption kinetics. Under these weak surface interactions the flow can
be detrimental to the loading rates and amounts. Under irreversible adsorption conditions
the affinity for the surface is very high and, therefore, suggests that the reaction kinetics
are much faster than the diffusion process and leading to a diffusion-limited regime.
These conditions imply that under the mass transfer controlled period, diffusion
coefficients do not increase with flow; therefore, diffusion dominates over reaction
kinetics, hence the term “diffusion-limited”. Researcher have shown that under these
diffusion limited conditions the adsorption kinetics can be improved with increased flow
rates [121,123,124,127,128].
All fluid interfaces have a boundary layer between the moving fluid and the solid
surface. Under low shear rates this boundary layer is undisturbed and mass transport
occurs only by diffusion (basic fluid mechanics). This boundary layer prevents the
proteins from reaching with the adsorbent surfaces by convective flow alone and
therefore is termed convective-diffusion transport. High shear rate conditions produce a
mixing which minimizes this boundary layer thickness [121], described by Levenque as
δc 1/α γ1/3 [129]. The smaller boundary layer decreases the rate of diffusion and
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increases the rate at which adsorption occurs (due to less time required for diffusion).
Although the rate of the reaction was not directly determined in the present study, this
process can be observed when looking at the breakthrough curves in Fig 4.2a and b. As
explained earlier, the expanded view of both proteins show a “kink” or inflection in the
breakthrough curves at the flow rates of 0.25-1.0 mL/min for BSA and 0.25-2.0 mL/min
for Lys. This kink (as described by Hlady [94]) indicates a decrease in the rate of
adsorption, which is suggested to be due to the point at which the surface is partially
saturated. This point can also be indicative of protein conformational changes,
rearrangement of surface adsorption leading to more ordered or more efficient packing,
or the onset of irreversible adsorption. It is important to note that the breakthrough
curves above these flow rates (~20 mm/s) do not appear to show a “kink” which may
suggest a disturbance of the boundary layer promoting a higher degree of adsorption and
convection dominated adsorption mechanism. This further demonstrates that the process
of protein adsorption presented here (up to 2.0 mL/min) is diffusion-limited and is
enhanced by convection. This convective-diffusion transport is, therefore, the probable
adsorption mechanism and presents a more complex adsorption process then that
predicted for conventional theoretical models. Of course kinetic studies should be
investigated to further prove this potential mechanism.
All of the above explained reasons make the modeling of protein adsorption
vastly more complex than for small molecules. There are many available models for
small molecule adsorption but these models can not accurately predict the complex
adsorption process. Therefore it is understandable that the most common adsorption
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models so not fit the experimental data presented here. More complex adsorption models
must be investigated to further understand the adsorption process. Creating a model that
contains all the possible mechanisms would be an impressive task, but a custom model
could eventually be created if the system is completely understood. The models used
here have, however, given some insight to the adsorption mechanism of the proteins with
the C-CP fibers by simply determining that the adsorption is more complex than a single
interaction adsorption process.
Loading Capacity Comparison with Other Adsorbent Phases
If the data obtained from the isotherms and modeling is assumed to be merely an
underestimation of the overall saturation capacity then these values can still be used in
comparison with typical saturation capacities of commercially available columns. A
comparison of the overall adsorption capacity of commercially available column material
[92,103,130] to that of the PET C-CP fiber column can be seen in Table 4.7. The table
shows the geometric (space filling) capacity for the C-CP adsorbent as well as the values
derived from the plateau regions observed on the experimental isotherms (Fig 4.3a and
4.4a). Lys reports two possible plateau values due to the S-shaped isotherm showing a
possible first plateau (refer back to Fig. 4.4b). The first comparison is given with an
amount of protein adsorbed per unit surface area (2.5 mg/m2 [131]). This value is based
on the mathematical estimation of an array of closely backed spheres to determine the
expected monolayer saturation of BSA that could be adsorbed onto a surface. This
amount however also allows for the correction of the space filling approximation which
did not take into account the separation of the molecules on the surface. Here we can see
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that based on this amount per surface area it would decrease the geometric calculation
presented here (1.8 mg/g) by one half (0.93 mg/g). This further supports the protein
multilayering mechanism onto the surface of the C-CP fibers.
Table 4.7: Dynamic capacity comparison for Lys and BSA
Adsorption Capacity

Adsorbent
Geometric
Calculation
PET C-CP
(0.37m2/g)

Lysozyme

BSA

0.9 mg/g

1.8 mg/g

1.25 mg/g
Experimental
Isotherm
Modeling

9.5 mg/g

> 18 mg/g

~10 mg/g

~ 60 mg/g

2.5 mg/m2 [131]

-

0.93 mg/g

Streamline Phenyl® [92]

~16-59 mg/g

~66-138
mg/g

Sepharose XL [130]

~112 mg/g

-

Streamline Direct HST [103]

-

~44 mg/g

The stationary phases of comparison are listed on the left with the relative range
of amounts typically adsorbed to the surface. It is important to note that the comparisons
of amount adsorbed are not always under the same mobile phase conditions. Protein
adsorption and purifications are typically carried out under buffered conditions to
maintain the biological activity of the proteins. The adsorbents used for the comparison
cover a variety of surface interactions and include: Streamline Phenyl (hydrophobic), Sp
Sepharose XL (cation exchanger), and Streamline Direst HST (mixed-mode), with a
range in particle size of 90-130 µm. As such the conditions of the experiments also vary
and include: 1M salt buffer (NaCl, Na2(SO4), and (NH4)2SO4, 70mM NaCH3COOH, and
50mM NaCl, respectively. Flow conditions consisted of batch (or static) mode for
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Streamline Phenyl and Sepharose XL , and 1.0 mL/min for Streamline Direst HST. It is
important to note that the calculated capacity values for the above adsorbents correspond
to the Langmuir isotherm modeling preformed by the researchers, therefore assumes a
monolayer adsorption mechanism. This table, however, merely for a comparison of
typical ranges of the amount adsorbed and not a comparison under similar experimental
conditions.
The comparison of the geometric calculations for saturation of both proteins of
the fibers clearly shows that the amount of protein adsorbed should be much lower than
those available with commercial columns (Table 4.7). This is understandable due to the
fact that the C-CP fibers are non-porous and therefore lack the specific surface area of
commercially available columns (which are typically porous). However, assuming that
the isotherm modeling is a closer estimate of the saturation capacity of the fibers, it can
be seen that BSA is in the range to the commercial column. Lys, however, does not show
much improvement with the quadratic model but a greater concentration range of the
protein might show a greater capacity. What can clearly be seen is that the possible
multilayering of the protein onto the surface of the C-CP fiber can allow the C-CP fiber
columns to overcome some of the limitations of surface area.

Conclusions
The evaluation of mobile phase flow rate and concentration on the adsorption
characteristics of BSA and Lys onto a PET C-CP fiber column revealed consistency of
the adsorption process. This adsorption stability supports the possibility of
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implementation of the C-CP fibers into sample clean-up and preparative chromatography.
The most important results were that BSA follows a more linear adsorption isotherm
while Lys appears to follow an S-shape adsorption. Both proteins exceed the geometric
(space filling) adsorption capacity due to the multilayering of the protein on the surface
of the fiber. The multilayering seen in the AFM images does not appear to be uniform
along the surface but rather occurs more in patches or clusters. These clusters may be due
to the existence of crystalline, semi-crystalline, or non-crystalline areas on the PET
polymer surface, which increases the possible surface interactions, giving rise to a mixedmode adsorbent. Among the models presented here, the best isotherm model was found
to be the quadratic, giving a capacity of ~60 and 10 mg/g for BSA and Lys, respectively.
It is also important to note that even with the low surface area inherent to the C-CP fibers
the multilayering adsorption process allows for higher capacities due to the convectivediffusion transport kinetics.

103

CHAPTER FIVE
EFFECT OF SALT CONCENTRATION ON THE ADSORPTION OF PROTEINS
ONTO PET C-CP FIBERS AS DETERMINED BY FRONTAL ANALYSIS

Introduction
The adsorption of any adsorbate molecules from a bulk liquid to a solid surface
(solid-liquid interface) is the result of the binding forces consisting of interactions
between individual atoms, ions, molecules, or the molecular regions of the adsorbate and
the surface of the adsorbent [37,53]. The binding forces of adsorption can be categorized
into four basic areas; exchange, physical, chemical, and specific. Exchange adsorption,
also called ion exchange, is simply described by the electrostatic interaction of an ionic
species with an opposite charge on the surface of the adsorbent. Physical adsorption
consists of van der Waals forces resulting from both London dispersion forces and
electrostatic forces. Chemical adsorption results from a change in the chemical form of
the adsorbate due to the reaction with the adsorbent resulting in a covalent or
chemisorptive bond. Specific adsorption involves the attachment of an adsorbate to a
functional group present on the adsorbent surface that does not result in transformation of
the adsorbate. Specific adsorptions can have a wide range of binding energies ranging
from the low binding energies of physical adsorptions to the higher energies associated
with chemisorption. The total net adsorption describing the affinity of an adsorbate for
an adsorbent is the combination of all four adsorption processes [37].
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The extent of adsorption is, however, also dependent on certain properties of the
solution phase of the adsorbate, such as surface tension and solubility. The greatest
influence is seen with the solvophobicity or lypophobicity of the adsorbate which is the
analyte’s insolubility in the solvent phase [37]. The greater the solvophobicity, the
greater the ability of the adsorbate to be adsorbed from the solvent to the adsorbent phase.
In contrast, the greater the solubility of the adsorbate, the greater the interaction with the
solvent phase, resulting in a smaller extent of adsorption. Therefore, the adsorption of
any adsorbate from a solution onto a solid is the result of one or both of the two
characteristic properties (surface tension and solvophobicity) of the entire system
(solvent-adsorbate-adsorbent) [37]. The primary driving force may be either the affinity
of the adsorbate for the surface of the adsorbent or the solvophobic character of the
adsorbate.
Protein adsorption is a fundamental issue in many areas such as medicine,
biology, food, and pharmaceutical processing [53]. Proteins extracted from cells are
typically stored in buffered solutions. These buffered solutions prolong the lifetime of
the proteins, maintaining the protein’s biological activity. Any change in the solvent
composition can change the solute environment (thus changing the characteristics of the
adsorbate) and subsequently can change the retention mechanism of the analyte to the
adsorbent material. However, the retention mechanism of macromolecules, such as
proteins, is much more complex than for small molecules. The difference is due, in part,
to the size of the analyte. Larger molecules tend to have more chemical functional
groups and hence have more regions of potential interactions. The adsorption
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characteristics for proteins are described in three areas: 1) the specific protein
characteristics, including conformational variability, topography and nature of
hydrophobic sites, three-dimensional structure in solution, net charge and charge
variance, and isoelectric point; 2) adsorbent surface characteristics, including
heterogeneity and nature of topography, electrical potential, hydrophobicity, water
binding (wetting), and composition; and 3) solvent conditions, including buffer type, pH,
flow characteristics, equilibrium concentration, ionic strength, and temperature [53].
The introductory studies of the protein adsorption (Chapter four) were carried out
under previously optimized reversed-phase chromatographic conditions (0.1% TFA in
water). The most important results concluded were that BSA follows a more linear
adsorption isotherm shape, while Lys appears to follow an S-shape adsorption isotherm.
In both cases, the dynamic capacity exceeds the theoretical (geometric) adsorption
capacity due to multilayering of the protein on the surface of the fiber. This chapter
describes the results of continued frontal analysis (FA) adsorption studies, concentrating
on the effect of buffer solution composition on the extent of protein adsorption on the
poly(ethylene-teraphthalate) (PET) C-CP fiber columns. Breakthrough data was
collected and compared for BSA and Lys under increasing phosphate concentrations.
The effects of increased phosphate concentration on the frontal profile, the breakthrough
volume, and the equilibrium parameters were determined. Key comparisons were also
made to similar studies performed on packed polymer bead sorbents.
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Experimental
Column Preparation
The poly(ethylene-teraphthalate) (PET) C-CP fibers used in these FA studies were
obtained from Fiber Innovations Technology (Johnson City, TN) and prepared in a
manner similar to previous publications [30-32,34]. In this case, 2,820 fibers,
corresponding to a mass of 0.271g with an interstitial fraction of 54%, were pulled
through a 150 mm long, 2.1 mm I.D. PEEK lined stainless steel column (Valco
Instruments, Houston, TX). Based on measurements of the fiber perimeter and the
number of fibers in the column, the specific surface area was 0.365 m2/g. At this point,
no specific efforts have been made to optimize the interstitial fraction or column diameter
for protein adsorption studies.
Chromatographic System and Operations
The chromatographic system consists of a Waters (Milford, MA) Model 717
autosampler, 600S Controller, 616 HPLC pump and Waters 996 photodiode array
detector at 280 nm. Data was collected by the Empower 2 Chromatography Manager and
further processed and managed in Microsoft (Seattle, WA) Excel files and MathCad 12
(Cambridge, MA). Isotherm experimental data is presented with Excel using a scatter
plot connected by lines.
Chemicals and Reagents
ACS grade acetonitrile was purchased from Fisher Scientific (Fair Lawn, NJ) and
6M Guanidine HCl (purchased from Sigma-Aldrich (Milwaukee, WI, USA)) injections
were used to clean the column. Mobile phase solutions consisted of increasing sodium
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phosphate (purchased from Sigma-Aldrich) concentrations (0, 10, 50, 200 mM) at pH 7.
Lys having a molecular weight of ~14 kDa with a geometrical dimension of 5 nm x 3 nm
x 3 nm and BSA having a molecular weight of ~67 kDa with a geometrical dimension of
14 nm x 4 nm x 4 nm were both purchased from Sigma-Aldrich [53,90]. All protein
solutions were prepared with corresponding phosphate concentrations and were used
under ambient conditions (room temperature of 24 ± 1.0 °C) and therefore fresh proteins
solutions were made daily. Gel electrophoresis was performed on room temperature
protein solutions demonstrating that the proteins remained 95% intact after 5 days.
Frontal Analysis
Breakthrough curves were collected at each of the phosphate buffer
concentrations for Lys concentrations of 10-5000 mg/L at 2.0 mL/min and BSA
concentrations of 25-5000 mg/L at a flow rate of 2.0 mL/min. Determination of the
effects of flow rate on analyte retention was carried out with Lys concentrations of 1000
mg/L at flow rates of 0.5-2.0 mL/min (1.4 - 19.3 mm/s). All experiments were carried
out in triplicate and under ambient conditions with a room temperature of 24 ± 1.0 °C.
ACS grade acetonitrile was used to clean the column between subsequent breakthrough
analyses, followed by 10 µL 6M Guanidine HCl to insure that no proteins remained
adsorbed to the surface. All data points were collected in triplicate with errors bars
representing one standard deviation.
Isotherm Modeling
Isotherm results were computed and presented using Microsoft (Seattle, WA)
Excel and MATLAB (Natick, MA). Adsorption isotherm modeling was performed on
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the data obtained from the frontal analysis and imported into MATLAB. User defined
equations were used for the fitting of all isotherm models using MATLAB as described in
previous chapters. Isotherm modeling is presented with MATLAB.

Results and Discussion
Effect of Flow Rate on Breakthrough Curve Characteristics
The velocity of fluid flowing across the adsorbent can affect the adsorption
kinetics and efficiency. In principle, an increased flow can reduce the time required to
reach the equilibrium binding situation, therefore compressing the transition zone.
However, greatly increasing the flow can limit the adsorption process by limiting
diffusion to the surface in the time frame of the column transit. Additionally, if the flow
is too great, the shear force may not allow the analyte to adsorb to the adsorbent, causing
the analyte concentration to begin to breakthrough the column at the onset along with a
broadening of the transition zone [43].
The calculated characteristics for the breakthrough curves of Lys are shown in Table 5.1.
Breakthrough curves for each flow rate were collected in triplicate, with the standard
deviation for each set shown in the table. In every case, the standard deviation for the
triplicates is <0.08 BV. The stoichiometric volume (Vs) and the amount adsorbed. This
small variation in the Vs across a factor of 12x velocity change, supports the
thermodynamic stability of the stoichiometric point and supports the saturation estimation
calculations, as well as demonstrates the independence of the mass transfer kinetics
across the range studied [40].
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Table 5.1: Effect of flow rate for the adsorption of lysozyme
with 10mM phosphate buffer.
Flow
Rate
(mL/min)

Linear
Velocity
(mm/s)

Vs
(BV)

STDEV

qe
(mg/g)

STDEV

0.25

1.4

2.61

0.04

4.43

0.07

0.5

2.7

2.48

0.00

4.21

0.00

1

10.9

2.39

0.02

4.06

0.04

2

19.3

2.59

0.05

4.40

0.08

Mean

2.52

4.28

STDV

0.10

0.17

RSD (%)

4.0

4.0

Reproducibility of the Adsorption Characteristics over a Range of Concentrations
The ability to accurately predict the adsorption capacity and possible adsorption
mechanisms is highly dependent on the ability to achieve reproducible results. The
amount of protein adsorbed at equilibrium onto the PET C-CP column was determined at
the beginning (Trial 1) of the study and again at the end (Trial 2) of the study to evaluate
any possible changes over the four month time period. The results of each of these trials
are actually the composite of three individual trials. The amount of Lys adsorbed at
equilibrium is given in Table 5.2 at a flow rate of 2.0 mL/min over the range of protein
concentrations (10-5000ppm). The concentration range was chosen based on typical
ranges in published articles [90,92,103,132]. Here it can be seen that the variations of qe
values between the two trials are fairly small (<10% RSD) across the concentration
range. The small variation in the amount calculated at equilibrium demonstrates the
stability of the adsorption conditions which allows for a better prediction of the
adsorption process.
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Table 5.2: Reproducibility of lysozyme isotherm data at 2.0 mL/min.
Concentration
in the influent
(mg/L)

Trail 1
qe (mg/g)

STDEV

Trail 2
qe (mg/g)

STDEV

% RSD

10

0.09

0.01

0.09

0.01

9.72

25

0.19

<0.01

0.20

0.00

1.01

50

0.26

0.01

0.26

0.01

3.95

100

0.52

0.04

0.44

0.00

8.29

200

0.86

0.00

0.84

0.02

1.84

500

2.11

0.06

2.04

0.04

1.86

1000

4.00

0.09

3.91

0.13

3.41

1500

5.39

0.12

5.32

0.12

2.20

2000

7.00

<0.01

6.74

0.27

3.90

3000

9.03

0.24

8.76

0.24

2.66

4000

10.06

0.31

10.78

<0.01

3.00

5000

12.35

0.39

13.25

0.39

3.05

UV-Vis Calibration Response
The values presented in any adsorption study reflect to quantitative values of
adsorption onto the stationary phase. In order to accurately calculate the amount
adsorbed, the data must be collected in the linear range of the UV-Vis detector response.
Shown in Fig 5.1 are the calibration curves for Lys and BSA over the typical range of
concentrations used in adsorption isotherm studies of proteins. Each data point
represents the average absorbance (AU) of triplicate injections at a flow rate of 2.0
mL/min, with the standard deviation represented by the error bars. As clearly seen, Lys
is only linear up to ~1500 mg/L. While most studies on the adsorption of proteins
[90,91] are done with a wider concentration range, the calibration curve for Lys shows
that any calculations made above 2000 mg/L will not give accurate quantitative data.
Even so, the breadth of the
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Figure 5.1. Calibration curves of the UV-Vis response with increasing concentration of
protein and increasing phosphate concentration at pH 7.0 a) Lysozyme b) BSA.

concentration is sufficiently wide to allow for isotherm modeling. BSA has a fairly linear
calibration curve across the concentration range with an R2 of 0.99. Therefore the
concentration range for Lys is limited to 1500 mg/L while BSA can be studied at the full
concentration range, up to 5000 mg/L.
Effect of Buffer Concentration on the Adsorption Characteristics
Studies of the role of influent concentration on the amount absorbed at
equilibrium (qe) are at the core of performing isotherm determinations. Adsorption
experiments were carried out over the concentration range (determined above) at four
phosphate buffer concentrations (0, 10, 50, and 200 mM) at pH 7.0. The range used here
is similar to the buffer concentrations (0-0.5 M) used by other researchers to investigate
the ionic strength on the extent of adsorption of proteins [133,134]. Buffer
concentrations greater than 500 mM would more likely be used for hydrophobic
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interaction chromatography (HIC) [110]. Table 5.3 gives the Lys adsorption data
calculated from the breakthrough curves as a function of increasing phosphate buffer (0200 mM) with increasing concentration of protein. As expected, the qe increases with
increasing concentration of Lys. The initial increase in the salt concentration to 10 mM
Table 5.3: Effect of phosphate concentration on the amount adsorbed at equilibrium for
lysozyme isotherm data at 2.0 mL/min.
Concentration of Phosphate buffer (mM)
Concentration in
influent (mg/mL)

0

STDEV

10

STDEV

50

STDEV

200

STDEV

Amount adsorbed at equilibrium (qe)
10

0.09

0.01

0.32

0.04

0.13

0.02

0.04

0.01

25

0.20

<0.01

0.39

<0.01

0.18

0.01

0.10

<0.01

50

0.26

0.01

0.45

0.01

0.30

<0.01

0.20

<0.01

100

0.44

<0.01

0.70

0.09

0.57

0.08

0.40

0.05

250

0.84

0.02

1.34

0.05

1.21

0.09

0.86

<0.01

500

2.04

0.04

2.29

0.10

2.40

0.06

2.11

0.06

1000

3.91

0.13

4.40

0.09

4.31

0.06

4.00

0.09

1500

5.32

0.12

-

-

5.66

0.06

5.39

0.12

gives an increase in qe followed by a slight decrease as the buffer concentration increases
up to 200 mM. This behavior is in agreement with results presented by Chen et.al.
[135] and Arakawa [136] for the interaction of proteins on hydrophobic octyl-Sepharose
and polysaccharide adsorbents using ammonium sulfate as the buffer. This was also the
case with more recent publications by Bonomo et.al. [132] and Garcia Rojas et.al. [92]
for the adsorption of proteins on Streamline Phenyl resin using sodium sulfate and
sodium chloride as the buffer. The difference between these results and the data
presented here is the subsequent decrease in qe as the phosphate concentration increased.
The likely cause of the initial increase in the adsorption may be due a salting out effect,
where increased salt dehydrates the protein (removing surface bound water) and increases
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the hydrophobic interactions between the protein and the adsorbent [137]. If this was
entirely the case, then the adsorption would increase with increased salt, however
increasing the salt concentration further results in a slight decrease in the amount
adsorbed. This trend does not support an adsorption solely based on hydrophobic
interactions or solvophobicity.
It is proposed that with the addition of the salt, the potential for different surface
interactions increases, such as ion exchange and hydrophobic interactions. The further
increase in salt concentrations thereafter reduces the ion-exchange and any reversedphase interactions that may be present (van der waals, hydrogen bonding, etc.), therefore
reducing adsorption to mostly hydrophobic interactions. This would explain the
increased adsorption with the initial salt concentration of Lys and decrease in the amount
adsorbed with increasing salt concentrations for both proteins. Hydrophobic interaction
chromatography (HIC) is typically performed with higher salt concentrations near 1M,
where the results presented here are only 10-200 mM. Therefore, further increases in the
salt (above the 200 mM studied) would increase the solvophobicity or the hydrophobic
interactions of the protein with the adsorbent, thereby increase the adsorption. The focus
of this study was to investigate the adsorption under typical solvent conditions of protein
solutions and therefore does not exceed 200 mM.
Table 5.4 presents the results obtained for increasing phosphate buffer
concentrations along with the increasing concentration of BSA. The amount adsorbed at
equilibrium (qe) appears to be less affected by increased phosphate concentration than
what was seen with the Lys adsorption, which may be due to the greater hydrophobic
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Table 5.4: Effect of phosphate concentration on the amount adsorbed at
equilibrium for BSA isotherm data at 2.0 mL/min.
Concentration of Phosphate buffer (mM)

Concentration
in influent
(mg/mL)

0

25

0.15

0.01

0.10

0.01

0.10

50

0.23

<0.01

0.19

0.01

100

0.43

<0.01

0.38

200

1.01

0.03

500

2.11

1000

stdev

10

stdev

50

stdev

200

stdev

0.10

0.10

<0.01

0.20

<0.01

0.20

<0.01

0.01

0.41

0.01

0.62

0.04

0.75

<0.01

0.81

<0.01

0.79

0.02

0.08

1.89

0.07

2.02

<0.01

2.00

0.04

4.40

0.08

3.73

0.08

4.09

0.08

4.00

0.08

1500

5.86

0.00

5.73

0.12

5.86

<0.01

5.86

<0.01

2000

8.53

0.16

7.63

0.16

7.72

0.16

7.90

0.15

3000

12.26

0.62

10.78

0.24

11.32

0.40

11.59

0.24

4000

15.81

0.31

13.83

0.62

14.55

<0.01

14.91

0.31

5000

19.08

0.39

16.39

0.39

16.39

<0.01

16.39

<0.01

Amount adsorbed at equilibrium (qe)

nature of BSA. The greatest difference is seen at the highest concentration (5000 ppm) of
BSA ( but this same trend can be seen with the majority of the BSA concentrations)
where the qe is higher for the 0 mM phosphate (water) adsorption and the avergage values
are unchanged at increased phosphate concentrations. This behavior suggests that the
concentration range of salt is not sufficiently high enough to affect the nature of the
protein by increased hydrophobicity or solvophobicity. However, looking at the
phosphate concentrations (10-200mM) for BSA from 50 to 4000 ppm there appears to be
a very slight increase in the amount adsorbed with the increasing salt concentration from
10-200 mM. This behavior coincides with the increased hydrophobicity of the protein as
the phosphate concentration increases. Based on this response, it can be assumed that a
concentration up to 200 mM sodium phosphate has relatively little effect on the
interaction or affinity of BSA for the PET C-CP fiber columns. Further increasing salt
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concentrations will likely increase the hydrophobic nature of the protein even more and
lead to a more HIC-like condition, which would be seen by a greater increase in
adsorption. The ion-exchange interaction, suggested above for Lys, could also exist
however under pH 7.0 BSA is negative and the surface (with carboxyl groups) is also
negative, thereby limiting any possible ion-exchange interaction. The overall effect of
the salt concentration can be observed in the adsorption isotherm behavior.
Effect of Increasing Buffer Concentration on the Adsorption Isotherm
Plotting the adsorption data from Tables 5.3 and 5.4 in the format of qe vs C0
creates adsorption isotherm plots, seen in Figs. 5.2a and 5.3a for Lys and BSA
respectively. Adsorption isotherms can provide more insight on the mechanism of
adsorption, and can also be used in a predictive way to estimate the overall adsorption
capacity of the stationary phase. As expected from the data presented in Tables 5.3 and
5.4, the adsorption isotherms in Figs 5.2a and 5.3a show an increasing trend of adsorption
with increased adsorbate concentration. Not much difference in the trend of adsorption
with increased buffer concentration is seen for Lys (Fig. 5.2a) up to 1000 ppm, but the
general trend is DI water having the lowest slope followed by 200 mM, 50 mM, and the
highest slope at 10 mM. However, as explained above, these data sets are effectively the
same with little variation.
In the case of BSA (Fig. 5.3a), a slightly different trend is seen, with not much
difference in the adsorption below 2000 ppm (mainly linear trend). BSA has a general
trend of water having the largest slope followed by 200 mM, 50 mM, and the smallest
slope being 10 mM. Not seen with the Lys isotherm, the largest difference in the
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Figure 5.2. a) Adsorption isotherm of Lys at 2.0 mL/min with increasing phosphate
concentration. The points represent the experimental data from the breakthrough curves at
different concentrations in the influent and b) the representative Scatchard plots.
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Figure 5.3. a) Adsorption isotherm of BSA at 2.0 mL/min with increasing phosphate
concentration. The points represent the experimental data from the breakthrough curves at
different concentrations in the influent and b) the representative Scatchard plots.

adsorption for BSA is seen at the last concentration (5000 ppm) where the buffered
systems seem to show an inflection and converge at a similar qe, while the water isotherm
continues linearly. This deviation could suggest a more complex adsorption isotherm
when using salt buffers. To determine the possible adsorption mechanism(s) it is best to
consult previously published mathematical models discussed in Chapter One.
Similarities can be seen between the Lys and BSA adsorption isotherm presented in
Chapter Four. All of the isotherm appear mostly linear and have similar capacities to
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those for the 0.1% TFA isotherms. The water and buffer isotherms are, however, slightly
less than the TFA isotherm, suggesting a possible different adsorption mechanism.
Isotherm Modeling
On first inspection, both protein isotherms appear to follow a general linear shape
similar in shape as the protein isotherms in Chapter Four). Fitting the Lys and BSA
isotherms to a linear function yields correlations of R2 = ~ 0.99 for both. Although the
linear regression gives a good fit for both Lys and BSA, it is best to evaluate other
possibilities by looking at the Scatchard plots. The Scatchard plots (qe/C0 vs. qe) are
shown in Figs 5.2b and 5.3b for Lys and BSA, respectively. Scatchard plots are used to
discern the possible adsorption models according to their shape, as described in Chapter
One. The ultimate goal of a Scatchard plot is to narrow the possible adsorption
mechanisms among the many published theories. Non-linear regression is then used to
create a mathematical function that fits the data. Once a fit is found suggestions can then
be accessed for the possible adsorption mechanism.
The Scatchard plots of Lys and BSA (Figs 5.2b and 5.3b, respectively) have a
general curvature of convex downward, which indicates the existence of multiple
adsorption sites or domains [96]. The most common heterogeneous isotherm model is
the bi-Langmuir model, presented in Chapter One. The data for the bi-Langmuir
regression analysis are presented in Table 5.5 and can be seen in Fig 5.4a and 5.5b (for
Lys and BSA, respectively). In Table 5.5 it can be seen that some of the saturation values
(qs) are negative, indicating that this function does not fit the experimental data. The
calculated values are not comparable and follow no trend, also indicating that this
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Figure 5.4. The isotherm regression analysis of Lys with the a) bi-Langmuir b) quadratic c)
Moreau d) bi-Moreau, and e) BET model
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Figure 5.5. The isotherm regression analysis of BSA with the a) bi-Langmuir b) quadratic c)
Moreau d) bi-Moreau, and e) BET model
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function does not adequately describe the data. The quadratic regression analysis, also
shown in Table 5.5, results in a similar degree of correlation for Lys but the values for
saturation capacity (qs). This better fit of the Lys data to the quadratic model over the biLangmuir model can be seen in Fig 5.4b. The kinetic terms (b1 and b2), however do not
have much agreement between each other; further indicating the model does not fit the
data. The quadratic model is, however, better for the fitting of the BSA data (Fig 5.5b),
reflecting an initial decrease upon phosphate addition followed by a small increase in the
capacity, similar to what is seen in the isotherm data in Table 5.4. There is a better
agreement among the b-terms for BSA than for Lys, with the best agreement being for
Table 5.5: Regression analysis of Lys and BSA with bi-Langmuir and quadratic model.
Protein

Isotherm
Model

BiLangmuir
Lys

Quadratic

BiLangmuir
BSA

Phosphate
Concentration
(mM)

R2

qs1

b1

qs2

b2

0

0.9959

20.02

0.2946

-1.191

1.6992

10

0.9854

17.17

0.3416

0.2235

-0.1674

50

0.9925

13.24

0.2351

5.127

0.5031

200

0.9971

0.6192

1.077

28.20

0.1139

0

0.9971

14.07

0.3183

-

0.0565

10

0.9926

6.346

0.9632

-

0.1759

50

0.9989

8.152

0.7235

-

0.1111

200

0.9965

7.076

0.6863

-

0.1673

0

0.9991

16.75

0.0381

98.28

0.0401

10

0.9927

88.85

0.0685

-8.315

0.2562

50

0.9983

65.23

0.0653

-20.51

-0.0044

200

0.9936

16.56

0.0264

-4.728

-0.1191

0

0.9993

57.49

0.0769

-

0.0022

10

0.9985

25.30

0.1428

-

0.0225

50

0.9993

27.91

0.1418

-

0.0143

200

0.9999

33.24

0.1124

-

0.0082

Quadratic

122

the quadratic regression analysis. This better fitting with good agreement in b-terms may
suggest that the kinetic process is the same under the experimental conditions used.
However until an accurate model is determined, these kinetic terms have no quantitative
meaning.
Based on the experimental isotherm data in Figs. 5.2a and 5.3a, the saturation
capacities for Lys and BSA are greater than 7 and 16 mg/g, respectively. These values
are quite high when compared to the calculations based of the space filling model for the
surface area (of adsorbate and adsorbent) and a monolayer of surface coverage, which are
calculated to be approximately 1 mg/g. The most plausible explanation for exceeding the
physical capacity is that the proteins are multilayering on the surface of the fiber. This
behavior is in agreement with those seen in Chapter Four for the adsorption of these same
two proteins (Lys and BSA) with a mobile phase composition of 0.1% TFA in water.
Supporting data was also shown with AFM images ( Fig. 4.7 in Chapter Four)) of a dried
PET C-CP fiber after the adsorption of Lys from aqueous solution onto the surface of the
PET fiber.
Fitting the experimental isotherm data to models that incorporate multilayering
and/or adsorbate-adsorbate interactions should produce better fits for this system. The
data from the regression analysis using the Moreau and bi-Moreau, and the BET model
(Chapter One) can be seen in Tables 5.6 and 5.7 (respectively) for Lys and BSA (seen in
Figs. 5.4c-e and 5.5c-e, respectively). As with what was seen with the bi-Langmuir and
quadratic models, the Moreau model also produced some negative values. The majority
of the negative values are for the bi- Moreau fit indicating a poor fit of the function to the
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Table 5.6: Regression analysis of Lys and BSA with Moreau and bi-Moreau model.
Protein

Isotherm
Model

Moreau
Lys

BiMoreau

Moreau
BSA

BiMoreau

Phosphate
Concentration
(mM)

R2

qs1

b1

I1

qs2

b2

I2

0

0.9959

72.98

0.0603

-0.5742

-

-

-

10

0.9927

17.19

0.3397

0.9453

-

-

-

50

0.9926

51.04

0.1077

-0.6431

-

-

-

200

0.9973

33.85

0.1370

0.5405

-

-

-

0

0.9959

15.29

0.2541

1.338

27.88

0.0301

-2.344

10

0.9962

13.24

0.4981

0.5592

-1.061

-0.2617 0.5744

50

0.9989

11.03

1.099

0.6980

-8.101

0.7505 -0.9110

200

0.9984

27.60

0.0957

0.6375

33.44

0.0564 -0.9147

0

0.9933

61.27

0.0691

2.201

-

-

-

10

0.9933

53.71

0.0732

2.381

-

-

-

50

0.9987

48.45

0.0826

2.044

-

-

-

200

0.9997

53.83

0.0624

1.538

-

-

-

0

0.9749

16.16

0.5044

1.433

-2.817

0.7858 -0.4798

10

0.9984

15.96

0.1136

5.995

-0.1865

-0.004

50

0.9982

17.86

0.1588

5.482

-0.1103 -0.0363 -0.8977

200

0.9998

17.67

0.1388

6.224

-0.1245 -0.0324

-2.265

-2.020

data or perhaps indicative of a homogeneous surface interaction. The Moreau model
does, however, fit better based on R2-values for the BSA data than the two previous
models, but can also be seen to fit better to the data in Fig 5.5c over the other models
used. A similar trend from the quadratic model is seen with the Moreau model with
fairly decent agreement among the kinetic terms (Table 5.5). The bi-Moreau also
produces a good fit for both proteins based on R2-values to the experimental data but not
quite as good as the previous models and the second domain is negative, indicating this is
not a good fit for the experimental data (also seen in Figs 5.4d and 5.5d). The capacity
values (qS1 and qS2) are supposed to be related to the calculated monolayer saturation
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capacity, but as discussed above these values are nearly a factor of 5 times higher than
the theoretical monolayer capacity.
The BET model (Table 5.7) also shows a good fit to the Lys and BSA
experimental data, but the fitting in Fig 5.4e and 5.5e shows that the model doesn’t fit as
well as the previous models used. A better correlation (R2), however, is seen with the biMoreau for the Lys experimental data and the quadratic model provides the best trend
that fits the experimental data (Table 5.5), but clearly the best visual fit is seen with the
Moreau model in Fig 5.4c. As was seen with the bi-Langmuir and quadratic models, all
the monolayer saturation values (qs) reported for the Moreau, bi-Moreau, and BET
models are beyond theoretical saturation of the protein on the fiber surface. This further
supports the theory of multilayers but the correct model to fit the system has yet to be
found. To this point, the Moreau model fits for the Lys data and quadratic model fits best
for the BSA experimental data. Both models indicate a more complex adsorption
mechanism similar to the discussions in Chapter Four.
Table 5.7: Regression analysis of Lys and BSA with BET model.
Protein

Lys

BSA

Isotherm
Model

BET

BET

Phosphate
Concentration
(mM)

R2

qs1

bs

bl

0

0.9960

9.258

0.5264

0.1101

10

0.9969

4.351

1.803

0.2903

50

0.9975

10.98

0.4635

0.1597

200

0.9996

10.13

0.4646

0.1078

0

0.1396

1.333

0.1129

0.1874

10

0.9955

34.21

0.1369

0.0198

50

0.9912

12.87

0.3928

0.0798

200

0.9995

37.40

0.1147

0.0221
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The adsorption mechanism proposed in Chapter Four dealt mainly with
hydrophobic interactions with the surface and suppressed electrostatic character due to
the nature of the solvent. The DI water (0 mM Phos) solvent in this experiment could
have some electrostatic interactions with both the surface and the proteins. Increasing the
buffer concentration, to a certain extent, would also increase the electrostatic interaction
but beyond this concentration would decrease the electrostatics [94,114], with
electrostatic suppression typically seen at higher salt concentrations of 1 M (depending
on ionic strength). This theory would explain the slight increase in the amount adsorbed
for the Lys protein with increased phosphate from 0-10 mM and further decrease due to
electrostatic suppression with increasing phosphate concentration. This theory however
doesn’t coincide with the adsorption trend seen for BSA. This difference can be seen in
Fig. 5.6, where the surface net charge of the surface is negative at pH = 7, the BSA net
charge is negative, and the Lys net charge is positive. Therefore, increasing the
a) BSA

b) Lys

-

+

Electrostatic
repulsion

Electrostatic
Interaction

- - - - - - - - - - - - - - - - Fiber Surface

Figure 5.6. Net charge at pH = 7. Showing the a)
electrostatic repulsion of BSA and b) electrostatic
interaction of Lys with the surface.
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phosphate concentration would decrease the electrostatic repulsion of the BSA adsorption
to the surface and increase the amount adsorbed. An increase in the amount adsorbed for
BSA is however not seen until the highest phosphate concentration of 200 mM. At such
a high buffer concentration this would suggest that the electrostatic repulsion is great and
significantly higher buffer would be needed to see further increase in the extent of
adsorption. These theories as well as the trends seen in the adsorption isotherms further
demonstrate the complex nature of the protein adsorption. These trends also further
demonstrate that the adsorption of the protein is not solely based on one single interaction
but the combination of electrostatics and hydrophobic interactions.
With this proposed increased interaction with the surface of PET it would be
expected that the extent of adsorption would be greater for the buffered adsorption than
the 0.1% TFA in water adsorption. Comparing Tables 4.8 and 5.8 it can be seen that the
experimental capacity is relatively unchanged for both proteins and only a slight increase
is seen for the isotherm modeling capacity. This difference is due to the fact that the
extent of adsorption is actually the extent of multilayering on the surface of the fiber.
Therefore this comparison demonstrates that the extent of multilayering does not
significantly change under these experimental conditions. Since the majority of the
adsorption is due to the multilayering process this would suggest that the extent of
multilayering has not significantly changed; and since the theory of protein multilayers is
generally considered to be the self-aggregation (due to the interaction of the hydrophobic
domains of the proteins), this would also suggest that the experimental changes in the
solvent do not significantly change the protein tertiary structure. This observation would

127

then imply that the experimental changes in solvent in Chapters Four and Five do not
significantly change the protein characteristics or tertiary structure. This would then
imply that, under the experimental conditions presented in both chapters, the adsorption
mechanism of the proteins to the surface does not significantly change. Higher salt
concentrations, such as those used under HIC conditions, are of course expected to
change the mechanism.
Loading Capacity Comparisons with Other Adsorbents
A summary of the loading data presented and discussed above can be seen in
Table 5.8. The table shows the geometric calculation (based on space filling) capacity,
experimental saturation as well as the dynamic capacity (qs) of the best fit models for
each protein for the PET C-CP fiber columns. The space filling estimate presented here
(1.8 mg/g) is clearly greater (by a multiple of approximately two) than the monolayer
adsorption capacity (0.93 mg/g) calculated by Zeman and Zydney [131]. This calculation
takes into account the spacing between two molecules, as previously discussed in Chapter
Four. This further supports the possible multilayering of the protein onto the surface.
The stationary phases for comparison are listed on the left with the experimental
amounts typically adsorbed to the surface under the mobile phase conditions listed. The
adsorbents used for the comparison cover a variety of surface interactions and include:
Streamline Phenyl (hydrophobic), Sp Sepharose XL (cation-exchanger), Fractogel TSK
(cation-exchanger), Streamline Direst HST (mixed-mode), and Diaion HPA25 (anionexchanger), with a range in particle size of 90-130 µm. Flow conditions were mainly
under the batch (or static) mode except for Streamline Direst HST with a flow of 1.0
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Table 5.8: Dynamic capacity comparison for Lys and BSA
Adsorbent

Concentration
(mM)

Salt

Theoretical
PET C-CP
(0.37 m2/g)

Experimental

Sodium Phosphate

0-200

Isotherm
Modeling

Adsorption Capacity
(mg/g)
Lysozyme

BSA

0.9

1.8

>6

> 18

~15

~50

2.5 mg/m2 [131]

-

-

-

0.93

Diaion HPA25 [133]

2 mM Phosphate +
NaCl (pH 7.0)

0

-

91.7

30

-

42.6

Streamline Direct HST [103]

NaCl (pH 5.0)

50

-

44

SP Sepharose XL [130]

Sodium acetate

70

112

-

Fractogel TSK [130]

Sodium acetate

70

38.4

-

Streamline Phenyl® [92]

20 mM Phosphate
+NaCl

1000

19.7

121.6

20 mM Phosphate
+Na2(SO4)

1000

47.8

78.5

20 mM Phosphate
+(NH4)2SO4

1000

70.72
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mL/min. It is important to note that the calculated capacity values for the above
adsorbents correspond to the Langmuir isotherm modeling preformed by the researchers,
therefore assumes a monolayer adsorption mechanism. The five adsorbents represent a
wide range of surface chemistries and buffer conditions for comparison with the C-CP
fiber columns. The majority of the mobile phase conditions are in the range of those used
here but a few exceed these, using buffer concentrations of 1M.
Upon first inspection it can been seen that the geometric calculations for
saturation of both proteins clearly shows that the amount of protein adsorbed on the fibers
is much lower than those available with commercial columns (Table 5.8). This is
understandable due to the fact that the C-CP fibers are non-porous and therefore lack the
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specific surface area of commercially available columns (which are typically porous).
However the values for the C-CP fiber columns represent linear velocities (19.3 mm/s)
much higher that those typically used in for commercial columns used here
[92,103,130,133], (as well as those for traditional analytical columns) presenting a
significant advantage over the commercial columns. Also seen is that the isotherm
modeling capacities of the proteins come considerably closer to the range for
commercially available columns due to the possibility of the multilayering of the protein
onto the surface of the C-CP fiber. This multilayering mechanism clearly allows the CCP fiber columns to overcome some of the surface area limitations.

Conclusions
Evaluations of flow and concentration on the adsorption of Lys and BSA onto a
PET C-CP fiber column revealed consistency of the adsorption process. The most
important results presented here are that BSA was consistently more retained than Lys
demonstrated that the size of the adsorbate plays a role in the amount adsorbed [ref]. Lys
and BSA follow a more linear adsorption with saturation above 8 mg/g and 18 mg/g,
respectively, exceeding the theoretical adsorption capacity due to the multilayering of the
protein on the surface of the fiber. Based on the isotherm model used here, the quadratic
isotherm model gives the best fit to the BSA experimental data, where the Moreau
isotherm model correlates better for the Lys data. Based on the isotherm modeling it is
apparent that a more complex adsorption model is needed in order to predict the
adsorption of proteins to the PET C-CP fiber columns. These models do however help to
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estimate the overall saturation capacity for the proteins of ~15 and ~50 mg/g for Lys and
BSA, respectively. These values are quiet impressive considering the C-CP fibers are
non-porous and lack the specific surface area of commercially available columns. This
multilayering mechanism of the proteins clearly allows the C-CP fiber columns to
overcome some of the surface area limitations. It is also important to note that even with
the low surface area inherent to the C-CP fibers the multilayering adsorption process
allows for higher capacities to be achieved, similar to commercially available columns.
The possible multilayering of the protein onto the surface of the C-CP fiber allows the CCP fiber columns to overcome some of the limitations of surface area.
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CHAPTER SIX
SUMMARY

The preceding chapters have described the evaluation of the adsorption
characteristics of the PET C-CP fibers at the solid-liquid interface. Chapter one outlines
the fundamentals on adsorption chromatography and the methods of analysis, as well as
relevant models to interpret the adsorption characteristic. Chapter two focuses the use of
frontal analysis to determine the adsorption behavior of two simple PAHs, naphthalene
and naphthol. In both cases, the adsorption to the PET surface is surely dominated by π-π
interactions. Naphthalene was far more retained than naphthol, greatly exceeding the
theoretical monolayer surface area saturation. The adsorbed naphthalene onto the surface
of the PET fiber provides additional aromatic character, allowing aromatic stacking of the
naphthalene on the solute-covered PET surface, creating multilayers. The presence of the
hydroxyl group on the naphthol molecule results in an additional mode of interaction
with the fiber surface (i.e., hydrogen-bonding), as suggested in the better fitting to a biLangmuir isotherm. The orientation of the naphthol molecule on the surface would also
limit the potential for multilayering.
Chapter three continues the analysis of these two PAHs (naphthalene and
naphthol) under static adsorption conditions, which allowed for a more detailed
evaluation of the kinetics. Naphthalene remained was far more retained on the PET CCP fiber by about a factor of six more than naphthol. The kinetic modeling for both
naphthalene and naphthol produced good correlations for the pseudo-second-order
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mechanisms. Therefore, the rate of the reaction is third order increases exponentially
with increase adsorbate and linearly with increased adsorbent. Due to the change in the
blank solutions during the static equilibrium analysis it was concluded that the desorbed
amount would be best to represent the experimental equilibrium data. Similarity was
seen with the naphthalene static and slow flow dynamic equilibrium data, with a capacity
of ~20 mg/g and 1.2 mg/g reported from the BET and Langmuir modeling, respectively.
These values far exceeds monolayer adsorption (<0.1 mg/g) and further demonstrates the
multilayer adsorption mechanism. The greatest difference was seen with the naphthol
equilibrium data with an increase of approximately a factor of six more for the static
equilibrium and tens times the monolayer saturation, indicating the possibility of
multilayers. The proposed theory of adsorption is by means of hydrophobic interactions
(acting in a more globular sense) supporting the better correlations with the Langmuir
model regression analysis. These chapters demonstrates the great potential for increased
capacity of the C-CP fiber with multilayering adsorption.
Chapter four and five focus on the analysis of protein adsorption of the PET C-CP
fibers as a means to elucidate the adsorption mechanism as well as investigate the
potential for their use in sample clean-up and preparative chromatography. Chapter four
evaluated the effect of mobile phase flow rate and protein concentration on the adsorption
characteristic of BSA and Lys under previously optimized mobile phase conditions (0.1%
TFA in water). The most important results were that BSA follow a more linear
adsorption while Lys appear to follow an s-shape adsorption but exceed the theoretical
adsorption capacity due to the multilayering of the protein on the surface of the fiber.
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The multilayering also does not appear to be uniform along the surface but rather, occurs
more in patches or clusters. These clusters may be due to the more crystalline, semicrystalline, or non-crystalline areas on the PET polymer surface.
Chapter five continues the evaluation of BSA and Lys under typical buffered
conditions. The most important results were that BSA was again consistently more
retained that Lys. This continued greater retention is theorized to be due to its greater
hydrophobic nature. This difference in the hydrophobic nature of BSA could also explain
why it was less affected by increasing phosphate buffer. Lys and BSA follow a more
linear adsorption with Lys also exhibiting some S-shape curvature. The Lys and BSA
adsorption both exceed the theoretical adsorption capacity which is again proposed to be
due to the multilayering of the protein on the surface of the fiber. The quadratic isotherm
model gives the best fit to the BSA experimental data, where the Moreau isotherm model
correlates better for the Lys data.
The experimental data presented her for both the small molecule and
macromolecule adsorption both indicate a more complex adsorption due to multilayering.
The most common models to predict the multilayering phenomena however do not
always fit best to the experimental data. Therefore a better model is needed in order to
accurately predict the adsorption of molecules to the surface of the PET C-CP fibers.
These results however continue to demonstrate the use of the C-CP fibers as an
alternative adsorbent in solid-liquid separations. While the primary findings of this work
are more fundamental in nature, the analytical characteristics derived are very relevant.
The C-CP fiber column format allows for higher linear velocities and lower
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backpressures than commercial bonded silica columns, and the PET base material is more
chemically robust. Breakthrough curves taken at relatively high linear velocities (by
conventional HPLC standards) indicate that transport to the fiber surface is quite
efficient. This is due to the non-porous nature of the C-CP phase. However, the relatively
low specific surface area of the fibers means that the dynamic capacity is one to three
orders of magnitude lower than other polymeric stationary phases. As such, there are
practical trade-offs that can exist between the need for high throughput versus high
capacity. There do exist a number of options for improving the analytical potential of the
C-CP phases. For example, there are a number of other fiber shapes that afford greater
specific surface areas. The choice of the base polymer can be tailored to achieve higher
solute affinities (e.g., polypropylene is more hydrophobic than PET). Finally, there exists
a wealth of powerful coupling chemistries that can be employed to promote speciesspecific adsorption. Each of these alternatives can be affected while still maintaining the
high fluid transport efficiency, rapid mass transfer characteristics, ease of column
assembly, and relatively low cost demonstrated in previous uses of the C-CP fiber format.
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